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Abstract 
 
The number of tsunami-related scientific publications increased within the last years due to 
numerous extensive and destructive tsunami events worldwide. The research on tsunami 
deposits is needed to improve hazard assessment in coastal areas worldwide. While the 
state of knowledge is rising, the discipline is still relatively young and there are presently a 
high number of unsolved questions and processes. In the field of palaeotsunami research 
new insights gained from the most recent events, such as sedimentary characteristics, 
morphologic features, as well as the recently used methods or so called proxy toolkit, are not 
yet widely tested on historical events.  
In this thesis I try to shed light on diverse problems by means of three case studies carried 
out in coastal regions of the western Peloponnese (Greece), the Sultanate of Oman and 
along the eastern Gulf of Cádiz (Spain).  
There are open questions as to how the clear identification of tsunami deposits can be 
carried out and how the preservation of historical event deposits varies in specific archives. 
Furthermore, the proxy toolkit on palaeotsunami deposits differs from recent deposit 
investigations. The deposit characteristics, the way of detecting and proving them, the 
several types of archives, the deposit preservation potential and the challenges of the proxy 
toolkit are all discussed.  
The first case study from Greece uses an approach to detect palaeotsunami deposits by 
different classical investigation methods, such as sedimentological, palaeontological and 
geochemical investigations, in different environments/archives. Sedimentary evidence 
includes the existence of rip-up clasts in multiple sandy fining upward sequences with an 
erosive base as well as a mixture of foraminifera species from different habitats. Radiocarbon 
dating proves a minimum of one tsunami landfall in the study area between AD 540 and 
minimum AD 1274.  
The second case study from Oman demonstrates the extensive use of ground penetrating 
radar (GPR) as well as its potential and limitations concerning tsunami deposit investigations. 
This investigation method is tested on an inferred tsunami deposit which was identified in 
previous studies by huge blocks and boulders, most probably transported by tsunami wave 
action along the coast close to Fins (Oman). The investigated GPR facies reveals wedging 
out structures, channels, scours and erosion mounds, as well as landward directed foresets. 
Sedimentary evidence by trenching and age calibration is also presented.  
The third case study carried out along the south-eastern Gulf of Cádiz shows an integrative 
multi-method approach on palaeotsunami deposits. In this study several classical and new 
investigation tools/techniques were tested and compared to the most recently discovered 
tsunami characteristics. Furthermore, new tsunami features were found within the 
 sedimentary record of high-energy event deposits. In the presented study a combination of 
different dating techniques (radiocarbon and optically stimulated luminescence) was also 
tested to yield possible event ages of the palaeotsunami.  
Based on the conclusions achieved from the presented studies I try to answer some of the 
main questions which arose at the start of this research, regarding the incomplete state of 
knowledge on tsunami features and characteristics. This thesis also comprises a summary of 
event ages in the different study areas. The event ages yielded by different dating results are 
compared to the recent tsunami catalogue of each region, and recurrence intervals which 
are necessary for an improved hazard assessment are discussed.  
 
 
 
 
 
 
 
 
  
  
 
Zusammenfassung 
 
In den letzten Jahren stieg die Anzahl von wissenschaftlichen Publikationen hinsichtlich 
Tsunamis infolge von zahlreichen weltweiten großflächigen und zerstörerischen 
Tsunamiereignissen. Die Forschung bezüglich Tsunamiablagerungen ist erforderlich um die 
Gefährdungsbeurteilung in Küstenregionen weltweit zu verbessern. Während der 
Wissensstand stetig steigt, ist diese Disziplin noch relativ jung und es gibt derzeit eine große 
Anzahl von ungelösten Fragen und Prozessen. Im Forschungsgebiet der Paläotsunamis 
wurden auf Grund der jüngsten Ereignisse neue Erkenntnisse gewonnen, wie z.B. 
Sedimenteigenschaften, morphologische Merkmale, sowie die aktuell verwendeten 
Methoden oder der sogenannte „Proxy-Werkzeugkasten“, welcher bisher noch nicht intensiv 
bezüglich historischer Ereignisse getestet wurde. 
In dieser Arbeit versuche ich, mittels drei durchgeführter Fallbeispielen in den Küstenregionen 
der westlichen Peloponnes (Griechenland), dem Sultanat von Oman und entlang des 
östlichen Golf von Cádiz (Spanien), Aufschluss über einige Probleme zu geben.  
Es gibt offene Fragen wie z.B. eine eindeutige Identifizierung der Tsunamiablagerungen 
durchgeführt werden könnte, und wie die Erhaltung von historischen Ereignisablagerungen in 
bestimmten Sedimentarchiven variiert. Darüber hinaus unterscheidet sich der „Proxy-
Werkzeugkasten“ hinsichtlich Paläotsunamiereignissen von den Untersuchungen an 
modernen Ablagerungen. Ablagerungscharakteristika, die Art und Weise diese zu erkennen 
und zu belegen, die verschiedenen Arten von Sedimentarchiven, das Erhaltungspotenzial 
und die Herausforderungen hinsichtlich des „Proxy-Werkzeugkastens“ werden diskutiert. 
Bei der ersten Fallstudie aus Griechenland wird ein Ansatz verschiedener klassischer 
Untersuchungsmethoden, wie z.B. sedimentologische, paläontologische und geochemische 
Untersuchungen in unterschiedlichen Milieus/Sedimentarchiven zur Erkennung von 
Paläotsunamiablagerungen verwendet. Sedimentologische Belege beinhalten die Existenz 
von herausgerissenen Klasten in mehrfachen sandigen Korngradierungen mit einer erosiven 
Basis, sowie einer Mischung von Foraminiferen-Arten aus verschiedenen Lebensräumen. 
Radiokarbondatierungen belegen mindestens einen auflaufenden Tsunami im 
Untersuchungsgebiet zwischen AD 540 und mindestens AD 1274. 
In der zweiten Fallstudie aus dem Gebiet des Oman wird die umfangreiche Anwendung des 
Georadars (GPR), sowie deren Potenzial und Grenzen hinsichtlich Untersuchungen an 
Tsunamiablagerungen demonstriert. Diese Untersuchungsmethode wird anhand von 
abgeleiteten Tsunamiablagerungen getestet. Die Ablagerungen wurden bereits in früheren 
Studien aufgrund von riesigen Blöcken und Geröll, welches wahrscheinlich von 
Tsunamiwellen entlang der Küste in der Nähe von Fins (Oman) transportiert wurde, 
identifiziert. Die untersuchte GPR Fazies enthüllt auskeilende Sedimentstrukturen, Kanäle, 
 Kolke und Hügel, welche durch erosive Prozesse zurückblieben, sowie landwärts gerichtete 
Schrägschichtungen. Sedimentologische Belege durch Grabungen und Alterskalibrierungen 
werden ebenfalls vorgestellt. 
Die dritte Fallstudie, welche entlang des süd-östlichen Golfs von Cádiz durchgeführt wurde, 
zeigt einen integrativen Multimethodenansatz hinsichtlich Paläotsunamiablagerungen. In 
dieser Studie wurden mehrere klassische und neue Untersuchungsmethoden/-techniken 
getestet und mit bisher entdeckten Eigenschaften von Tsunamis verglichen. Darüber hinaus 
wurden neue Tsunamimerkmale im sedimentologischen Befund der Hochenergie-
Ereignisablagerungen gefunden. In der vorliegenden Studie wurde zudem eine Kombination 
von verschiedenen Datierungstechniken (Radiokohlenstoff und optisch stimulierte 
Lumineszenz) getestet, um mögliche Ereignisalter des Paläotsunami hervorzubringen. 
Auf Grundlage der gewonnenen Schlussfolgerungen aus den vorgestellten Studien versuche 
ich einige der wichtigsten Fragen, die am Anfang dieser Forschungsarbeit hinsichtlich des 
unvollständigen Wissenstandes über Tsunamimerkmale und deren Eigenschaften aufkamen, 
zu beantworten. Diese Arbeit beinhaltet zudem eine Zusammenfassung der Ereignisalter in 
den verschiedenen Arbeitsgebieten. Die Ereignisalter, erzielt durch unterschiedliche 
Altersdatierungsergebnisse, werden mit den rezenten Tsunamikatalogen der jeweiligen 
Region verglichen und Wiederkehrraten, welche für eine verbesserte Gefährdungsbeurteilung 
erforderlich sind, werden diskutiert. 
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1 Introduction 
 
Tsunamis are destructive high-energy events, which can affect coastlines at 
regional/extensive scales and cause a huge amount of casualties. These extraordinary high-
energy events have been known since historical times and have often occurred throughout 
geological time; e.g. the Storegga slide event (~8200 BP; e.g. Dawson et al., 1988; 
Bondevik et al., 1997, 2005, 2012) or the Cretaceous-Paleogene boundary (formerly known 
as Cretaceous-Tertiary boundary) extinction event (~66 million BP), which is also linked to 
tsunami occurrence triggered by an impact (e.g. Bourgeois et al., 1988, Schnyder et al., 
2005). Some extreme events are called mega-tsunamis and there are several definitions of 
this term. A recent study by Goff et al. (2014) suggests that the definition of a mega-tsunami 
should be based solely on the initial wave height/amplitude at the triggering source, which 
should exceed a minimum 100 m/50 m respectively. This definition would, therefore, exclude 
all except for extraordinarily extreme tsunami events caused by impacts that occurred over 
geological time. 
During the past decades (palaeo-) tsunami research has intensified (Fig. 1.1) because of the 
recent occurrence of several very large tsunami events worldwide: the Sumatra earthquake, 
which triggered the Indian Ocean Tsunami (IOT) in AD 2004 (Goff et al., 2006b; Jaffe et al., 
2006; Okal et al., 2006; Richmond et al., 2006; Bahlburg and Weiss, 2007; Goto et al., 
2007; Choowong et al., 2008); the South Pacific Tsunami (SPT) in AD 2009 that caused 
extensive damage in e.g. Samoa (Okal et al., 2010; Chagué-Goff et al., 2011; Fritz et al., 
2011a; Goff and Dominey-Howes, 2011; Richmond et al., 2011); the Chile Tsunami in 2010 
(e.g. Fritz et al., 2011b; Spiske and Bahlburg, 2011; Bahlburg and Spiske, 2012); and the 
destructive Tōhoku-oki earthquake and tsunami in AD 2011 in Japan (e.g. Goto et al., 
2011a, 2011b, 2012a; Goff et al., 2012; Richmond et al., 2012).  
Based on these tragic events which had huge amounts of casualties, scientists intensified 
research into proving the existence of historical tsunamis (more often documented as great 
flooding events in historical catalogues) by field studies, with the objective of complementing 
the historical tsunami catalogues or for hazard assessment of tsunami prone coasts. 
Additionally, the recent event deposits and processes are studied for a better understanding 
of these extreme events (e.g. Goff et al., 2012; Goto et al., 2012a). 
Based on the total amount of publications (see Fig. 1.1) at the end of the year 2013, the 
percentages of different fields of research on tsunamis could be determined. In general the 
highest amount of publications with 37 % are modelling-related approaches, ~32 % are 
related to sedimentary studies, ~28.5 % are on social topics and 2.5 % on others. 
Furthermore, within the sedimentary studies there are ~23 % investigating foraminifera and 
~13.5 % are geochemical investigations. The amount of geophysical methods used in 
sedimentary studies including seismic surveys is relatively high at ~16 %. However, when 
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excluding seismic surveys as a method of investigation only ~3.5 % of studies used 
geophysical methods. This is rather low and capable of further development. It will be shown 
in this thesis that when using a combination of geoscientific and geophysical methods 
tsunami deposits can be detected, their spatial distribution determined and many other 
characteristics can be defined.  
 
Fig. 1.1. Top: sum (blue line) and amount (grey bars) of tsunami-related publications since AD 1996 
(data is based on own research and numbers of www.science-direct.com by Elsevier Publishing 
Group). Extensive tsunami events during this period are highlighted by red arrows. Bottom: amount of 
different fields in tsunami research shown in a pie chart; bar diagram including percentages of some 
fields within the sedimentological research field. 
Tsunami deposits, also referred as tsunamites or tsunamiites (e.g. Shiki et al., 2008), are of 
great scientific value for understanding the highly complex processes of tsunami landfall and 
backwash, and to detect (pre-) historic or palaeo-events known as palaeotsunamis. Future 
hazard assessment is dependent on palaeotsunami research to define recurrence intervals 
and/or model detailed future scenarios. 
Numerous observations were made after the 2011 Tōhoku-oki event: e.g. thick sand 
deposits (>0.5 m) were encountered up to 2.8 km inland, whereas the inundation maximum 
was estimated to be on the order of 4.5 km (Goto et al., 2011a; Abe et al., 2012). This led to 
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the conclusion that older events have probably been underestimated, and the risk for 
population and/or environmental impact is much higher than previously thought. 
Further recent observations of tsunami sediment transport and distribution provided several 
clues; e.g. during the 2010 Chile event successive waves re-arranged boulders deposited 
during the first impact (Spiske and Bahlburg, 2011).  Even the seafloor can be affected and 
transformed by tsunami waves as reported by Goto et al. (2011b) for the AD 2004 IOT or by 
Haraguchi et al. (2013) for the AD 2011 Tōhoku-oki event. 
Generally, the science of tsunamis and their deposits is still a young field of research, since 
extensive investigations started mainly after the destructive AD 2004 IOT event; since then 
advanced hazard assessment in tsunami prone coastal regions has been intensified to 
prevent high amounts of casualties and damage to infrastructure in future events. The 
modern findings may help to better distinguish palaeotsunami deposits, while research on 
palaeotsunami deposits is highly valuable for future studies and hazard assessments. 
 
1.1 Characterisation of tsunami deposits  
Tsunami wave generation is tied to several triggering mechanisms. A tsunami is always a 
secondary or tertiary effect mainly triggered by earthquakes (at subduction zones, thrust- or 
normal-faults), (submarine) landslides, volcanic eruptions and their secondary effects, as well 
as rare extra-terrestrial impacts (Fig. 1.2; e.g. Dawson and Stewart, 2007). Tsunami 
generation is not limited to the open ocean; tsunami waves can also occur in lacustrine 
environments e.g. due to earthquake triggered (underwater) mass movements/slides (e.g. 
Smoot et al., 2000; Dawson and Stewart, 2007; Kremer et al., 2014). 
 
Fig. 1.2. Different triggers of tsunami waves: (A) earthquake related tsunami waves (possible at 
subduction zone as well as at thrust or normal faults); (B) (submarine) landslide triggering related 
tsunami wave; (C) volcano related tsunami waves by flank collapse, slide or large impacts of lava 
bombs; and (D) rare (extra-terrestrial) impact related tsunami waves. 
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Four overlapping processes define the mechanics of a tsunami (Fig. 1.3): wave generation 
(by the different aforementioned processes), propagation (the incoming tsunami wave), 
inundation (the onshore area where tsunami waves floods) and backwash (the outgoing 
sediment flow). During tsunami wave propagation the wave height is still low until it gets close 
to the coast, where the tsunami waves can reach heights of several metres (e.g. Dawson, 
1994); this effect is called shoaling (Fig. 1.3A). Moreover, a tsunami is composed of multiple 
waves which are called the tsunami wave train (e.g. Morton et al., 2007).  
 
Fig. 1.3. Overview of tsunami characteristics while inflow and backflow: (A) General definition of 
tsunami parameters and depositional characteristics of tsunami deposits on (B) sandy coasts with 
lagoons or marshlands as well as (C) on rocky coasts or cliffs. 
A tsunamite can be deposited as several layers due to the wave train, while the amount of 
layers depends not only on the amount of waves but also on the morphological setting, the 
level of deposition compared to the mean sea level and the distance from the shoreline. The 
run-up height of a tsunami wave is defined as the distance between mean tide level and the 
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highest level of tsunami inundation. The tsunami height or flow depth is specified as the 
water depth from ground to tsunami wave crest (at the coast). 
The (multiple) tsunami waves changes the present geomorphology by eroding some areas 
and accumulating sediments in others. The source material of these deposits varies: marine 
sediments can be eroded on the shelf or directly at the coast at landfall, and terrigenous 
sediments can be transported during the backwash of water in a seaward direction (e.g. 
Dawson, 1994; Dawson and Stewart, 2007; Morton et al., 2007). Most of the deposits are 
preserved onshore, while offshore sediments are rare but possible due to debris flows or 
turbidites e.g. by tsunami backflow (e.g. Cita and Aloisi, 2000; Ikehara et al., 2014).  
The sedimentological record and tsunami deposit archives along coastlines are multifaceted. 
For instance, sand sheets intersecting fine-grained lagoonal muds or palaeosols in sandy flat 
coastal regions (e.g. Minoura et al., 1994; Bondevik et al., 1997; Goff et al., 1998, 2001; 
Switzer and Jones, 2008; Donato et al., 2009; Matsumoto et al., 2010) and the 
accumulation of dislocated blocks (Sato et al., 1995; Whelan and Kelletat, 2005; Goto et al., 
2007, 2010; Scheffers and Scheffers, 2008; Goff et al., 2010; Paris et al., 2010b; 
Nandasena et al., 2011; Engel and May, 2012; Hoffmann et al., 2013a; Hoffmeister et al., 
2013; Mottershead et al., 2014) in rocky coastal regions (at some places with rocky cliffs) are 
often valuable sedimentological traces (see Fig. 1.3B and 1.3C). Often the sediments are 
mixed deposits and the spatial distribution of these sediments is fining inland as well as 
wedging out (e.g. Dawson, 1994; Morton et al., 2007; Goff et al., 2012). The characteristics 
of tsunami deposits such as fining upward sequences, coarse shell debris, clayey rip-up 
clasts in a sandy matrix and marine foraminifera in sandy deposits provide evidence for high-
energy impact such as tsunami events or storms (e.g. Kortekaas and Dawson, 2007; Morton 
et al., 2007; Goff et al., 2012). Further features of tsunami deposits include rip-up clasts 
(often silt or clay clasts which were eroded from the ground surface during inundation) and 
mixing of marine and terrigenous or coastal material/sediments. There are also features from 
modern examples that show ambiguous characteristics, e.g. laminated sand sheets, which 
can also occur during normal beach processes, deposited by the AD 2004 IOT (e.g. 
Bahlburg and Weiss, 2007; Switzer et al., 2012), and the rare marine signature in the AD 
2011 Tōhoku-oki tsunami deposits (e.g. Goto et al., 2011a; Jagodziński et al., 2012; 
Szczuciński et al., 2012; Putra et al. 2013).  
Dislocated blocks and boulders, or tsunami block accumulations interpreted as tsunamites, 
(e.g. Whelan and Kelletat, 2005; Scheffers et al., 2008) are often problematic because there 
is evidence of comparable or even larger blocks transported by storm/hurricane events on 
coastlines all over the world (e.g. Williams and Hall, 2004; Khan et al., 2010). Only a few 
conspicuous examples of tsunami block dislocation can be explained due to high sediment 
saturation of the sea-water while transporting (e.g. Frohlich et al., 2009; Hoffmann et al., 
2013a), which is most likely in the case of a tsunami event.  
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It is important to carefully distinguish between tsunami and storm deposits due to some 
similar characteristics in both types of deposit. In contrast to storms, tsunamis are high 
magnitude/low frequency extreme events, which can seriously affect and change coastal 
ecosystems and settlement areas. Tsunami deposits cannot always be identified 
unequivocally in the geological record and distinguished from extreme storm deposits. Even if 
some authors assign specific characteristics to tsunami and/or storm deposits (Goff et al., 
2004; Nott, 2006; Kortekaas and Dawson, 2007; Morton et al., 2007; Ruiz et al., 2008; 
Shiki et al., 2008; Sugawara et al., 2008; Lario et al., 2010), there are miscellaneous studies 
on possible tsunami deposits with contradictory features (e.g. Tappin, 2007; Kelletat, 2008). 
Additionally, several factors (e.g. geology, climatic conditions, sedimentological setting) 
cause numerous complex errors concerning the discrimination between tsunami and storm 
deposits (Tappin, 2007). Modern approaches take the geographical and geomorphological 
settings, both locally and regionally, into account (e.g. Richmond et al., 2012; Putra et al., 
2013), which is often helpful. 
Moreover, in seismically active coastal regions and in the case of historical reports of extreme 
wave events, the absence of tsunami deposits does not prove the non-occurrence of a 
tsunami event. Tsunami deposits may have been post-event eroded by backwash 
processes, by heavy rain shortly after deposition or they may have been altered by subaerial 
weathering so that elementary characteristics have disappeared. Szczuciński (2012) reported 
that essential post-depositional changes of the original sedimentary fingerprint of the onshore 
AD 2004 IOT deposits occurred within less than ten years. 
However, the questions of whether and how tsunami deposits are preserved in the 
stratigraphical record strongly depends on the coastal geomorphology, on- and off-shore 
conditions and on geomorphological and climatic processes (e.g. Dawson et al., 2004; 
Tappin, 2007; Nichol et al., 2010). Additionally, the reflection and/or refraction of the tsunami 
wave during inflow can be essential for the distribution of sediments (e.g. Hadler et al., 
2015). How backwash processes affect the sedimentary record is rarely explained (Dawson, 
1994), but was investigated in the AD 2010 Chile tsunami deposits; there are significant 
sedimentological differences between tsunami inflow and backwash deposits caused by the 
same event suggesting that the erosional energy of the backflow is still underestimated in 
modern palaeotsunami studies (Bahlburg and Spiske, 2012). Quite comparable sedimentary 
structures of palaeotsunami deposits are described by Reicherter et al. (2010b) at the Gulf of 
Cádiz and interpreted as backwash deposits. These are characterised by channels, scours 
and seaward imbricated clasts, whereas finer-grained sandy deposits were found without 
internal structures (see chapter 5).  
Most of the studies on palaeotsunami deposits focus on methodical characteristics, but 
rarely take into account the (historical) spatial dimensions. Additionally, a detailed 
reconstruction of an event deposit based on the stratigraphical findings from drill cores is 
mostly imprecise. The spatial variabilities and the distribution of shorter or larger scale 
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sedimentary structures are often unknown due to the rough correlation between two or more 
drilling points.   
 
1.2 Methods in (palaeo-) tsunami research  
1.2.1 Field and laboratory methods 
Present geoscientific research dealing with (palaeo-) tsunami deposits concentrates mainly 
on the correct detection and sedimentary characterisation of the event deposits. Many 
publications focus on sedimentological and physical processes and on how the deposits 
and their structural fabric were formed (e.g. Bryant, 2005; Shiki et al., 2008). Furthermore, a 
broad variety of field methods are used to identify palaeotsunami deposits (see also Fig. 1.4):   
i. A standard method is sedimentary drilling or trenching along transects or grids (e.g. 
Williams and Hutchinson, 2000; Vött et al., 2009a, 2009b, 2011a, 2011b; 
Reicherter et al., 2010a, 2010b; Hadler et al., 2013; Willershäuser et al., 2015a, 
2015b) or using natural or artificial outcrops (e.g. Goff et al., 2001; Bruins et al., 
2008; Reicherter et al., 2010b; Vött et al., 2010; Hadler et al., 2015). Drill core 
stratigraphy can be roughly interpolated over large distances (up to several 100 
metres) so an estimation of inundation distance and run-up is possible. The drilled 
sediments are mostly used for grain size distribution analysis (e.g. Dawson et al., 
1995; Goodman-Tchernov et al., 2009; Matsumoto et al., 2010; Reicherter et al., 
2010b; May et al., 2012; Szczuciński et al.; 2012) and further investigation methods 
which are subsequently explained in this chapter. Furthermore, studies of huge 
blocks/boulders (e.g. Goff et al., 2010; Paris et al., 2010b; Hoffmann et al., 2013a; 
Mottershead et al., 2014) or beachrock-type calcarenitic tsunami deposits (e.g. Vött 
et al., 2010) form part of sedimentary investigations on tsunami deposits.  
ii. Another “classical” method which is often used for tsunami deposit characterisation is 
the test of palaeontology/biology. In this discipline mostly foraminifera (Hawkes et al., 
2007; Mamo et al., 2009; Vött et al. 2009a, 2009b, 2011b; Pilarczyk et al. 2011, 
2012; May et al., 2012; Pilarczyk and Reinhardt, 2012; Mathes-Schmidt et al., 2013) 
and diatoms (e.g. Goff et al., 1998; Dawson, 2007; Szczuciński et al., 2012) are 
investigated by means of reflected-light microscopy or scanning electron microscopy 
(SEM); shells, oysters, borings, corals and pollen (e.g. Paris et al., 2010a; Chagué 
Goff et al., 2011; Winsborough et al., 2012) can also be investigated this way. These 
methods allow sediments to be distinguished concerning their different environmental 
origin. In the case of tsunami-related deposits, the identified species are mostly 
transported, reworked and re-deposited in an unnatural environment for the individual 
species, e.g. (deep-sea) marine foraminifera are found in a terrigenous environment 
associated with tsunami deposits (e.g. Hawkes et al., 2007; Mamo et al., 2009). 
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Modern approaches also consider nannoliths (e.g. Paris et al., 2010a; Szczuciński et 
al., 2012) or (meio-) fauna (Grzelak et al., 2014) as tsunami proxies. 
iii. Within the last years geochemical proxies are being used more often to characterise 
tsunami deposits. This method is mainly presented using elemental composition (e.g. 
Chagué-Goff, 2010; Chagué-Goff et al., 2012a, 2012b; Cuven et al., 2013; Font et 
al., 2013), element ratios (e.g. Vött et al., 2011a; Cuven et al., 2013; Hadler et al., 
2013, 2015), heavy minerals (e.g. Jagodziński et al., 2012) or in most recent 
publications also organic geochemistry (e.g. Tipmanee et al., 2012, Mathes-Schmidt 
et al., 2013). 
iv. In some modern studies on tsunami deposits geophysical investigation methods are 
also carried out to characterise or trace the deposits in the subsurface. There are 
some publications using magnetic susceptibility (MS) measurements (e.g. Reicherter 
et al., 2010b) or anisotropy of magnetic susceptibility (AMS; e.g. Wassmer et al., 
2010), electrical resistivity tomography (ERT; e.g. Vött et al. 2009a, 2009b, 2011b; 
Hadler et al., 2013) and a few publications on ground penetrating radar (GPR) 
investigations (e.g. Switzer et al., 2006; Vött et al., 2009b; Peterson et al., 2011; 
Koster et al., 2013, 2014; Loveson et al. 2014a, 2014b). In this thesis GPR will be 
further tested on tsunami deposits and will be commented on concerning 
opportunities and limiting factors (see chapter 4, 5 and 6).  
v. Terrestrial LiDAR (Light Detection And Ranging) scans are carried out to identify e.g. 
potential tsunamigenic transport mechanisms of huge blocks and/or boulders (e.g. 
Hoffmann et al., 2013a; Hoffmeister et al., 2013; Mottershead et al., 2014). 
Furthermore, this method can be used for a detailed surface/morphological analysis 
of tsunami deposits. Other remote sensing techniques have been carried out on 
recent tsunami events (satellite images, airborne photography, etc.). 
vi. Geoarchaeological investigations are often carried out in areas where ancient sites 
are known to have been affected by tsunami waves (e.g. in Greece, Bruins et al., 
2008; Hadler et al., 2013, 2015). Archaeological remains, especially destruction 
horizons with subsequent decreased or no human activity, can sometimes be related 
to event destruction. In ancient harbour sites the investigation of tsunami deposits is 
very promising (e.g. Rajendran et al., 2011; Vött et al., 2011b; Hadler et al., 2013, 
2015). There are also other examples of (geo-) archaeological investigations (e.g. 
sudden abandonment of ancient villages due to abrupt environmental changes as 
well as suspicious old shipwrecks close to the coast) concerning tsunami deposits 
(e.g. Hutchison and McMillan, 1997; Hutchison and Attenbrow, 2009; Winsborough 
et al., 2012). 
vii. One of the most important methods used regarding tsunami hazard assessment is 
the dating of palaeotsunami deposits to define possible recurrence intervals. Age 
calibration of tsunami deposits is multifaceted and depends on the material, the 
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compounds and the assumed age of the deposits. Dating methods comprise relative 
or indirect dating (e.g. Whelan and Kelletat, 2005), radiocarbon/14C dating using 
shells or organic matter within the deposits (e.g. Becker-Heidmann et al., 2006), 
optically stimulated luminescence (OSL) dating on sandy tsunami deposits (e.g. Brill 
et al., 2012), thermoluminescence (TL) dating (e.g. Price et al., 1999), archaeological 
shards or pottery (e.g. Vött et al., 2011b; Hadler et al., 2015) and volcanic ash (e.g. 
Bruins et al., 2008). In rare cases when the tsunami deposit is older than the 
maximum age for 14C-dating, U-series are a potential dating technique (e.g. McMurtry 
et al., 2004), but this highly depends on the sample material.  
viii. A non-field method is tsunami modelling. By means of a bathymetrical model and 
input of assumed hydraulic/hydrodynamic parameters, it is possible to compute a 
tsunami wave propagation model (e.g. Guesmia et al., 1996; Baptista et al., 1998; 
Bondevik, 2005). Further explanations will follow within the next subsection 1.3. 
ix. There are other rarely used methods for investigating palaeotsunami deposits, e.g. x-
ray computer tomography detection (e.g. Vött et al., 2009b; Chagué-Goff et al., 
2012b; Ikehara et al., 2014), thin-sections of sediments (e.g. Dominey-Howes et al., 
2006; Bruins et al., 2008; Vött et al., 2009b, 2010), or even off-shore snorkelling and 
drilling to investigate the near-shore area regarding source deposits, possible 
slumps, morphological features or archaeological remains (e.g. Reinhardt et al., 
2006; Goodman-Tchernov et al., 2009; May et al., 2012). Off-shore investigations 
on tsunami features or their triggering source such as slides or faults are also carried 
out by seismic and/or multibeam bathymetry investigations (e.g. Bøe et al., 2007; 
Bornhold et al., 2007; Goto et al., 2011b; Haraguchi et al., 2013; Kremer et al., 
2014). 
 
Some of the presented methods on palaeotsunami deposits are challenging due to post-
event erosion or degradation as well as chemical processes, leaching or dissolution of 
(organic) matter within the deposits. Most recent methods of the present proxy toolkit on 
tsunami deposits are based and developed on studies of recent tsunami events (e.g. 
Chagué-Goff et al., 2011); to date not all methods have been tested on palaeotsunami 
deposits. Moreover, beside the presented methods there will almost certainly be further 
proxies to be tested in the future, which have not been considered or tried up to now. There 
is a need for new proxies and an advanced toolkit to identify particular characteristics of 
palaeotsunami deposits, especially due to the extreme heterogeneity of tsunami events and 
their deposits worldwide. Even a specific tsunami event does not leave a consistent deposit 
signature along the same stretch of coastline (e.g. Brill et al., 2014). 
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Fig. 1.4. Overview of methods and tools used to identify (palaeo-) tsunami deposits. 
 
1.2.2 Modelling and risk assessment 
Numerical modelling of historical tsunami events significantly contributes to a better 
understanding of tsunami hydraulics, wave propagation and helps to estimate the extent of 
destruction. Hydrodynamic wave propagation with numerical modelling (both finite-element = 
FE and finite-difference = FD) of tsunami event scenarios (Guesmia et al., 1996; Baptista et 
al., 1998; Bondevik, 2005; Tselentis et al., 2010; Álvarez-Gómez et al., 2011; Ribeiro et al., 
2011; Sugawara and Goto, 2012; Röbke et al., 2013) are basic instruments used to 
investigate the extent of historical events or to locate possible tsunami deposits. In some 
cases numerical modelling even initiated the detection and identification of tsunami remains 
which were unknown. Moreover, possible future scenarios can be simulated with numerical 
models by means of fault rupture parameters and bathymetry data. However, field studies 
are needed to verify modelling results and assumptions (e.g. Jaffe and Gelfenbaum, 2007; 
Paris et al., 2010b; Reicherter et al., 2010a; Spiske et al., 2010; Jaffe et al., 2012). Paris et 
al. (2010b) tried an offshore-onshore approach comparing computed run-up models with 
dislocated boulders and event deposits, but calculations of flow depth and transport 
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distance do not provide convincing results. The most recent approach of Sugawara and 
Goto (2012) combines sedimentary field evidence with numerical modelling. The calculated 
inundation distance, the flow depth and the flow speed were compared with available 
research data and estimated from video records of the Tōhoku-oki event. The authors state 
that the outcome of their tsunami landfall scenarios matches well with the field evidence.  
A tsunami modelling approach can be a useful tool for hazard assessment (Yalçıner et al., 
2002; Papathoma et al., 2003; Pareschi et al., 2006; Okal et al., 2009; Álvarez-Gómez et 
al., 2011; Birkmann et al., 2010; Tselentis et al., 2010; Atillah et al., 2011; Ribeiro et al., 
2011), but vulnerability analyses of tsunami prone areas or cities (e.g. Papathoma et al., 
2003; Birkmann et al., 2010; Atillah et al., 2011) are only possible with the knowledge of 
tsunami parameters such as possible wave heights or inundation limits; without these 
parameters, the results of the analyses are highly speculative. These required parameters 
could be easily achieved by sedimentary investigations; however, in many cases field 
evidence is absent or has not yet been discovered. Hence, vulnerability or risk analyses are 
often carried out with various assumed scenarios of intensity (e.g. Papathoma et al., 2003; 
Birkmann et al., 2010; Strunz et al., 2011) due to missing sedimentary evidence input 
parameters. This circumstance underlines the fact that knowledge of palaeotsunami 
characteristics/parameters, spatial distribution of the deposits, event ages and recurrence 
intervals must be gained to achieve accurate hazard assessments and vulnerability analyses 
of certain coastal areas or waterfront cities. The data presented in this thesis is possibly 
useful for future hazard assessment in the study areas.  
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2 Scopes and motivation 
 
2.1 Aims and main tasks of the study 
Based on the state of knowledge in (palaeo-) tsunami research and this being a relatively 
young discipline, there are some key tasks and challenges. The motivation for this thesis was 
to help answer and clarify some of the main questions in palaeotsunami research. This was 
done by investigating three study areas in diverse environments with differing palaeotsunami 
archives and sediments. The main questions to be answered include: 
i. Can palaeotsunami deposits be identified by the present scientific methods/proxies 
without any doubt? If not, what are the limiting factors? – The knowledge of tsunami 
deposits’ characteristics increased within the last decades due to intensified 
research on modern tsunami event deposits. The outcome of numerous studies on 
recent tsunami events has improved the knowledge on tsunami deposits and their 
characteristics.  
ii. What is an excellent palaeotsunami archive and how does the environment influence 
the type of deposits? What are the factors affecting the preservation of 
palaeotsunami deposits? – The studies presented here are carried out in completely 
different environments and sediment archives. The setting/archive has a strong effect 
on the preservation potential and the deposited material itself, which will be 
discussed.  
iii. Which methods/proxies are most suitable in the different climatic, geomorphological, 
sedimentological/geological settings for studying palaeotsunamis? Is there an 
advanced proxy toolkit for palaeotsunamis?  – The present proxy toolkit is strongly 
based on recent tsunami event deposits and not all methods have been tested on 
palaeotsunamis. Based on the results of this thesis an advanced toolkit is 
recommended. 
iv. Is ground penetrating radar (GPR) an appropriate tool to be used to identify the 
spatial distribution of palaeotsunami deposits and is it possible to prove the internal 
architecture of palaeotsunami deposits with this non-invasive investigation method? 
Are recently observed spatial features of modern examples comparable to those 
detected by GPR in palaeotsunami deposits? Do these recent examples help identify 
palaeotsunami deposits? – Most of the studies on palaeotsunami deposits focus on 
methodical characteristics, but rarely take into account the (historical) spatial 
dimensions. Additionally, a detailed reconstruction of an event deposit based on the 
stratigraphical findings from drill cores is mostly imprecise. Therefore, this 
investigation technique is tested in various ways. 
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v. Do the event ages of the presented studies have an impact on the state of 
knowledge, the recurrence interval and even the hazard assessment in each 
individual region? – The different dating results of palaeotsunami deposits in the 
presented studies will add or verify event ages in the tsunami catalogue of each 
region.  
 
2.2 The study areas 
This thesis presents investigations in three different study areas. The locations (see Fig. 2.1) 
are: 
i. the western Peloponnese (Greece) 
ii. a coast section of Fins (Sultanate of Oman)  
iii. the eastern-most coast of the Gulf of Cádiz (Spain)  
 
The study areas were chosen in the context of known former events, availability of tsunami 
deposits, the high seismicity in adjacent oceans able to trigger tsunami events, the 
geomorphological setting/archive and the climatic conditions.  
The different study areas, the investigations carried out and the individual aims of each study 
are summarised below: 
i. High seismicity, historical records and reports of tsunami events on the coast of 
western Peloponnese (Greece) reveal possible multiple tsunami landfalls (e.g. 
Papadopolous et al., 2010, 2014). The depositional remains of these high-
energy events are rarely found on the shores of western Peloponnese (e.g. 
Scheffers et al., 2008; Vött et al., 2011a; Hadler et al., 2015; Willershäuser et al., 
2015a, 2015b). The studies in Greece (see chapter 3) were carried out with a 
classical investigation approach by means of drill cores and reference samples. 
Lagoons and marshlands situated in this coastal area provide possible archives 
for tsunami deposits. Grain size analysis and characteristics as well as 
foraminifera testing, magnetic susceptibility measurements and geochemical 
investigations were carried out. The aim of this study was to evaluate different 
potential tsunami archives in the same area to determine the challenges and 
limitations of the individual methods. At one location in this study area ground 
penetrating radar (GPR) was tested for subsurface investigations to determine 
whether identified sandy deposits belong to tsunami or dune sediments by 
means of their internal architecture.  
ii. Previous terrestrial LiDAR scan investigations on the north eastern rocky coast of 
Oman revealed huge (overturned) blocks and boulders that might have been 
transported by tsunami wave action (Hoffmann et al., 2013a). Hoffmann et al. 
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(2013a) carried out terrestrial LiDAR to analyse geomorphological features, 
volumetric estimates and calculate the weight of the blocks which are situated on 
the top of the beach cliff. It seems highly possible that the blocks were 
transported by tsunami wave action, but further investigations (e.g. on finer 
grained tsunami deposits and the spatial distribution of these) had not been 
done. Here (see chapter 4) the research of Hoffmann et al. (2013a) is extended 
by means of trenching, sampling and radiocarbon dating as well as ground 
penetrating radar (GPR) with a 400 MHz antenna to reveal the inner architecture, 
spatial distribution and further characteristics of these inferred tsunami deposits. 
The use of GPR on tsunami deposits is only mentioned in a small number of 
publications and the extensive use of this method in palaeotsunami investigations 
is relatively new. This study is also a test of the possibilities and limitations of this 
specific geophysical method in an arid environment with near perfect conditions. 
Pseudo-3D visualisation of the tsunami deposit and its geomorphological 
characteristics are also part of the study. Former studies of Koster et al. (2013) in 
a different climatic and geologic environment support the idea that GPR 
investigations of tsunami deposits might be a helpful tool within the tsunami proxy 
toolkit. The study also presents preliminary dating results of the inferred 
palaeotsunami deposits at the coast of Oman. 
iii. In southern Spain seismicity is the most studied source in tsunami research 
because it produces tsunamis with the largest impacts (Álvarez-Gomez et al., 
2011; Baptista et al., 2011; Lario et al., 2011). Near the Gulf of Cádiz where the 
study was undertaken there are several fault systems which could be possible 
triggers for future earthquakes and secondary effects such as submarine 
landslides and tsunami events. The investigations presented in chapter 5 include 
the multi-proxy results of an extended investigation using outcrops, drill cores 
and reference samples along the south-eastern coast of the Gulf of Cádiz. 
Furthermore, this study tests the application of both “classical” and new 
investigation techniques; the methods carried out include: sedimentological and 
grain size analysis, spatial (2D) magnetic susceptibility measurements, 
geochemistry (XRF), micropalaeontology, two different dating techniques (14C- 
and OSL-dating), extensive GPR investigations with two different antennas (400 
MHz and 900 MHz), as well as (pseudo-) 3D subsurface modelling, spatial 
distribution analysis and reconstruction of the palaeotsunami deposit. The 
analysis of data was for the most part done with similar techniques used on 
modern tsunami deposits and the presented results were compared to the state 
of knowledge from these recent investigations.  
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Fig. 2.1. Locations of the three studies within this thesis (top), and individual setting, approach, 
methods and aims of each study (bottom).  
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3 Geoscientific investigations in search of 
tsunami deposits in the environs of the 
Agoulinitsa peatland, Kaiafas Lagoon 
and Kakovatos (Gulf of Kyparissia, 
western Peloponnese, Greece)∗ 
 
Abstract. Historical reports document a minimum of 4 tsunami events at the Gulf of 
Kyparissia (western Peloponnese/Greece) within the last 300 years triggered by strong 
earthquakes or secondary effects. An extended field campaign targeted sedimentological 
evidence for palaeotsunami deposits in the Agoulinitsa peatland, the Kaiafas Lagoon and in 
the vicinity of Kakovatos, south of Zacharo. Drill core sediments revealed evidence for 
sudden environmental changes within the study area at the Kaiafas Lagoon. These 
characteristic deposits with multiple fining upward sequences, rip-up clasts and a high 
amount of shells/shell debris indicate a minimum of one tsunami event. Geochemical 
analysis and foraminiferal composition underlines this hypothesis and reveals further 
characteristics of tsunami event horizons. The radiocarbon dating results yielded possible 
tsunami landfall between AD 540 and minimum AD 1274 in the Kaiafas Lagoon, which is 
not surprising as several events are reported for this period. In the Agoulinitsa peatland the 
occurrence of a high-energy event deposit is possible; however, as it was only detected in 
one drill core, no conclusions can be drawn regarding possible tsunami inundation. In the 
vicinity of Kakovatos several sandy deposits were found within the drill core stratigraphy. 
Using ground penetrating radar close to the drilling site we were able to correlate these sand 
layers with dune generations and not with high-energy event layers. 
 
 
3.1 Introduction  
The Gulf of Kyparissia is located at the centre of the western Peloponnese coast and is part 
of the Ionian Sea. The western Peloponnese is one of the most seismically active regions in 
the Mediterranean (Fountoulis and Mariolakos, 2008; Tselentis et al., 2010), and hence 
strong earthquakes occur with a high frequency which can trigger destructive tsunamis 
(Papazachos and Dimitriu, 1991; Tselentis et al., 2010; Röbke et al., 2013). High magnitude 
                                               
∗ This chapter is based on: 
Koster, B., Vött, A., Mathes-Schmidt, M., Reicherter, K., 2015. Geoscientific investigations in search 
of tsunami deposits in the environs of the Agoulinitsa peatland, Kaiafas Lagoon and Kakovatos (Gulf of 
Kyparissia, western Peloponnese, Greece). Zeitschrift für Geomorphologie, Supplementary Issue, in 
press. 
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earthquakes have repeatedly affected the wider region and triggered a minimum of four 
tsunamigenic events within the last 300 years causing extensive destruction and a high 
number of casualties (e.g. Soloviev, 1990; Papazachos and Dimitriu, 1991; Papadopoulos 
and Fokaefs, 2005; Papadopoulos et al., 2010; Hadler et al., 2012). The occurrence of 
major events in the Gulf of Kyparissia is influenced by a significant water depth, narrow shelf 
zones, and the close proximity to both the Hellenic Trench (70-80 km; Papanikolaou et al., 
2007) and the Filiatra or Zakynthos fault (Tselentis et al., 2010). Furthermore, tsunami 
inundation, early warning and evacuation efforts are both limited and challenging due to 
social, economic and environmental influences such as tourism and agricultural activities as 
well as increasing urbanisation (Birkmann et al., 2010). Inhabitants of the western 
Peloponnese coastline are, therefore, highly vulnerable to the devastating effects of 
tsunamis.  
Due to the basin like setting along the coast of the Gulf of Kyparissia some lagoons (and the 
remains of anthropogenic drained lagoons) are present. Lagoons or lacustrine environments 
are good archives for high-energy event deposits (Minoura and Nakaya, 1991; Minoura et al., 
1994; Goff et al., 1998, 2001; Donato et al., 2009; Vött et al., 2009a; Matsumoto et al., 
2010; Shanmugam, 2012) and in the right setting a tsunami event can even form a lagoon 
(Willershäuser et al., 2015a). 
The aim of this study is to analyse potential archives of tsunami deposits by means of 
sedimentological analyses, micropalaeontology, geochemical investigations and geophysical 
measurements. This investigation shall provide a better understanding of the history of 
extreme wave events in this region and complements the historical catalogues of tsunami 
events in the Gulf of Kyparissia and the western Peloponnese. Furthermore, this study can 
help to evaluate the preservation potential of tsunami deposits within same type archives, but 
with slightly different histories and anthropogenic influences. 
 
3.2 Study areas  
This investigation was carried out in three nearby study areas at the Gulf of Kyparissia coast 
(western Peloponnese; Fig. 3.1A). The whole of the Gulf of Kyparissia’s central coastline, 
which contains all three study areas, is characterised by sandy beaches and a mostly 
vegetated dune belt consisting of different dune generations; plain basins are present behind 
the dune belt (e.g. Kelletat, 1974; Kraft et al., 2005). Further inland the topography becomes 
abruptly steeper due to fault bounded mountain ridges both parallel and perpendicular to the 
coast (e.g. Papanikolaou et al., 2007; Mason et al., 2015). The local setting of each study 
site differs due to the individual environment and landscape evolution over the last decades 
or centuries (cf. Kelletat, 1974). 
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Fig. 3.1. (A) Overview of the Gulf of Kyparissia (western Peloponnese/Greece) showing historically 
recorded earthquakes which have triggered tsunamis (red diamonds; from Papadopolous et al., 2010) 
and research results (yellow numbered triangles; from north to south: 1. Hadler et al., 2015; 2. Vött et 
al., 2011a; 3. Willershäuser et al., 2015a; 4. Röbke et al., 2013; Willershäuser et al., 2015a; 5. 
Scheffers et al., 2008; Willershäuser et al., 2015b). Detailed maps of the study sites: (B) around the 
former Agoulinitsa Lagoon (now impoldered for land use) with drilling (VOL 1-6), sampling (VOL BS 1 
and VOL BS 2) and trenching (VOL 5 TR) locations; (C) the Kaiafas Lagoon with location of drill cores 
(KAI 1-6) and beach samples (KAI BS 1 and KAI BS 2) and (D) the study site 2 km north of Kakovatos 
with location of drill cores (KAK 1 and KAK 2), beach sample (KAK BS 1), dune sample (KAK DN 1) 
and GPR profile (red line) across the backmost dunes. All coordinates are specified in UTM (Universal 
Transverse Mercator) projection within grid square 34 S. 
Agoulinitsa peatland: 
Originally the Agoulinitsa peatland was a lake of the same name. The peatland formed by 
anthropogenic drainage and land reclamation in AD 1969 due to a rise in demand for 
agricultural land (e.g. Kraft et al., 2005; Sofikitis et al., 2007). It is situated between Kato 
Samiko in the south and the Alpheios River in the north and has an area of ~60 km2 (Figs. 
3.1B and 3.2A). Strabo (63 BC to AD 23) and Pausanias (AD 115 to AD 180) already 
mention the extent of the former lagoon which stretched from the river of Alpheios in the 
north to the beginning of the Lapithas Mountain (highest point: 776 m above mean sea level) 
in the south (Strab. viii. pp. 346-347; Paus. 5.5. §§ 7-11). 
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A preliminary study on the conditions that may occur during the peat formation was 
undertaken by Sofikitis et al. (2007); the authors focus on the formation of the peatland and 
do not provide any evidence of high-energy events such as tsunamis or storms. Kraft et al. 
(2005) investigated the coastal evolution in the wider region by carrying out drilling and a 
detailed analysis of sedimentary sequences. The authors reconstructed sea-levels and 
morphological changes within the Holocene.  
Poulos et al. (2009), who investigated the influence of eustatic sea-level rise on deltaic 
coasts in Greece, state that the Agoulinitsa peatland “is underlain by a layer of cohesive 
muddy overbank deposits”.  
 
Kaiafas Lagoon: 
The Kaiafas Lagoon is situated approximately 5 km northwest of the town of Zacharo and 
1.5 km south of the Agoulinitsa peatland (Fig. 3.1C). It extends over an area of approximately 
1.5 km² and lies between the foot of the Lapithas Mountain and the Kyparissia Gulf (Ionian 
Sea). The lagoon is still connected to the Gulf of Kyparissia by a small channel (e.g. Kraft et 
al., 2005; Fig. 3.2C and 3.2D). As with the Agoulinitsa peatland, the Kaiafas Lagoon’s shape 
has changed since AD ~1970 and decreased in surface area due to anthropogenic 
influences (e.g. concrete outer walls built to limit the extent of the lagoon; Fig. 3.2B). Strabo 
(63 BC to AD 23) mention that the Kaiafas Lagoon was deep, flows out into the sea, and that 
it was fed by subterraneous waters and by a river called “Anigrus” (e.g. Kraft et al., 2005). As 
we observed during fieldwork, the lagoon is no longer fed by a river. The present depth of the 
lagoon is reported by Kelletat (1974) to be 2 metres.  
Next to the lagoon the thermal springs of Kaiafas are located in a natural cave at the south-
western foot of the Lapithas Mountain (Fig. 3.1C). Popular since antiquity as told by Strabo 
(63 BC to AD 23), Ovid (43 BC to AD 17) and Pausanias (AD 115 to AD 180), the springs 
have a high concentration of sulphur compounds and minerals (Katsambas and Antoniou, 
1996). The springwater is composed of about 30 % seawater and a small amount of 
hydrogen sulphide gas (Higgins and Higgins, 1996).  
 
Kakovatos region: 
The southern study area in the vicinity of the town of Kakovatos is the flat basin extension 
south from the Kaiafas Lagoon. The setting behind the dune belt is characterised by dense 
building development due to high levels of tourism and many areas of cultivation (Fig. 3.2E). 
There is also a widespread archaeological protection zone because of the ancient site of 
Kakovatos. There is no longer a lagoon present, but due to the very flat basin-like area it 
could be a possible catchment for high-energy event deposits. Due to the difficult setting we 
were only able to drill at a small location directly beside and on the dune belt (Fig. 3.1D). 
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Nevertheless, the sedimentological results from this drilling location can be used to compare 
to the stratigraphy of the other study areas.  
 
Fig. 3.2. General setting of the study areas: (A) View of the former Agoulinitsa Lagoon, which has been 
drained and is today an agricultural area/forest, taken from the Lapithas Mountain. (B) The Kaiafas 
Lagoon with Lapithas Mountain in the background and setting of the island (remains of old dunes) 
within the lagoon. Anthropogenic activity is shown by the outer walls of the lagoon as well as (C & D) 
the drainage channel. (E) View of the lowland between the Lapithas Mountain and Kakovatos as well 
as (F) setting of the dune belt within the study area. 
 
3.2.1 Regional geodynamic setting 
In the Lower Pleistocene back-arc extension of western Peloponnese began resulting in the 
formation of E-W trending horst and graben structures along the Kyparissiakos Gulf 
(Papanikolaou et al., 2007). The development and subsidence of grabens (0.1 to 0.3 mm/a) 
at that time is documented by marine sediments of Lower Pleistocene age, which reach up 
to 15-20 km inland within the graben systems (Papanikolaou et al., 2007; Fountoulis and 
Mariolakos, 2008). Associated with the subsidence was the development of the NW-SE 
trending Epitalion Fault Zone, which separates the coastal (Pleistocene to Holocene) and 
marine (Pliocene to Pleistocene) sediments (Papanikolaou et al., 2007). The subsidence led 
Geoscientific investigations in search of tsunami deposits in the environs of the Agoulinitsa 
peatland, Kaiafas Lagoon and Kakovatos (Gulf of Kyparissia, western Peloponnese, Greece) 
22 
 
to the present coastline, erosion of Lower Pleistocene sediments and Holocene 
sedimentation. The throw rates increase from 0.7-0.8 mm/a in the south in the Kyparissia 
basin to >1.0 mm/a at the southern edge of the Olympia basin in the north. This leads to an 
increasing thickness of the sediments in the north: 3 km of Neogene and Quaternary 
sediments have been deposited (Papanikolaou et al., 2007; Fountoulis and Mariolakos, 
2008). 
During the Middle Pleistocene, uplift was initiated which is active to this day. Average uplift 
rates are between 0.18 and 0.50 mm/a from the Middle Pleistocene until present; 
Papanikolaou et al. (2007) explain that uplift rates in general are much higher than 
subsidence rates in the study area. This would explain why the marine sediments are now 
uplifted and eroded.  
Conversely, Quaternary offshore subsidence (3 mm/a) is six times larger than onshore uplift 
(Papanikolaou et al., 2007), which causes a very steep continental slope (cf. Röbke et al., 
2013). 
 
3.2.2 Coastline evolution and sea level changes at the Kyparissia 
Gulf 
In the last few thousand years, many factors have influenced sea-level change and the 
associated development of the Mediterranean coast. Since the Last Glacial Maximum (LGM 
~20,000 BP) enormous shoreline displacements and a global eustatic sea-level rise of 120-
130 m took place (e.g. Kraft et al., 2005). Lambeck (1995) states that sea-level change 
during the Late Pleistocene and Holocene is caused by a combination of eustatic, isostatic 
and tectonic factors.  
Most of the subsequent sea-level rise occurred from about 15,000 BP until Holocene times 
due to the melting of the ice masses after the LGM. The assumed total eustatic change of 
120 m occurred rapidly at about 12,000 BP (Lambeck, 1995). At 11,500 BP the sea level 
reached about -60 m below its present mean level; between 10,000 BP and 6,000 BP sea 
level increased from -40 m to -6 m below its present mean level (Lambeck, 1995; Kraft et 
al., 2005; Vött, 2007; Engel et al., 2009). What exactly happened from 6,000 BP up until 
today is controversially discussed. Local and regional effects such as isostatic adjustment 
and vertical tectonic movement started to superimpose the glacio-eustasy in that period 
(Vött, 2007; Engel et al., 2009; Vött et al., 2011a). Geoscientific studies and dating results of 
Willershäuser et al. (2015a) provide possible evidence from the Gulf of Kyparissia for 
Holocene sea level changes which are even stronger than reported from previous studies 
(Lambeck, 1995; Kraft et al., 2005; Vött, 2007; Engel et al., 2009). 
Another factor influencing the sea level is the gradual land subsidence (see previous 
subsection 3.2.1). Furthermore, the minor tectonic subsidence of basins and the compaction 
of Quaternary sediment bodies have to be taken into account (e.g. Vött, 2007) and regions 
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which appear to be tectonically unstable are especially subject to uplift. In the absence of 
tectonics, sea-levels around Greece would exhibit a slow rise or a coastal submergence at 
rates in the order of 1 mm/a for at least the past 6,000 years (Lambeck, 1995). Following 
Kraft et al. (2005), the development of the Gulf of Kyparissia’s shoreline was similar to the 
evolution of the Messenian Gulf, which reached its maximum landward position 5,000 BP 
(Engel et al., 2009).   
Close to the wave-dominated delta of the Alpheios river, which discharges into the Gulf of 
Kyparissia and is the largest river of southwest Greece, the shoreline has retreated at an 
average rate of 8 m/a due to the construction of dams in 1954 and 1988 (Poulos et al., 
2009). Poulos et al. (2009) also calculate a future shoreline retreat of up to 700 m in 
combination with shore zone erosion. If this prediction is correct, it will severely affect the 
development of the coast of the Gulf of Kyparissia. 
 
3.2.3 Tsunami history in the Gulf of Kyparissia 
Papadopoulos et al. (2010) state in their tsunami catalogue that the western Peloponnese 
was affected by tsunamis several times. There are various triggers for these destructive 
events, but all can most likely be associated with strong earthquakes (up to MW 8.0) related 
to the subduction at the western segment of the Hellenic Trench or interrelated processes 
like subsea slides (Papadopoulos et al., 2010; Tselentis et al., 2010). Investigations of 
tsunami deposits by Scheffers et al. (2008), Vött et al. (2011a), Hadler et al. (2015) and 
Willershäuser et al. (2015a, 2015b) also prove that palaeotsunamis have repeatedly affected 
the shores of western Peloponnese. Tselentis et al. (2010) and Röbke et al. (2013) carried 
out modelling of tsunami waves towards the Gulf of Kyparissia to evaluate possible tsunami 
wave landfall scenarios and inundation (see also Hoffmeister et al., 2013). The wave height 
and run-up models of Röbke et al. (2013) clearly show that the study area of Kaiafas would 
be the most affected of all three study areas because of, e.g. geomorphology, water depths, 
wave refraction, etc.  
Within the last years, increasing evidence for tsunami deposits has been found at the shores 
of the Gulf of Kyparissia. Hadler et al. (2015) report on palaeotsunami deposits at the ancient 
harbour site at Kyllini, and Vött et al. (2011a) and Röbke et al. (2013) describe diverse 
findings (e.g. dislocated boulders and sedimentary evidence) from the ancient harbour site of 
Pheia at Cape Katokolo. Moreover, multiple palaeotsunami flooding is documented for the 
former Lake Mouria in the northern Gulf of Kyparissia (Willershäuser et al., 2015a). Further 
towards the south, evidence for tsunami landfall was found near Pylos (Willershäuser et al., 
2015b) and along the coasts of the southern Peloponnese (Scheffers et al., 2008; Fig. 
3.1A). Finally, Vött (2013) discusses potential tsunami inundation of the lower Alpheios River 
valley and nearby Olympia.  
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3.3 Methods  
3.3.1 Sedimentological analysis and drilling 
Sedimentological investigations were carried out by percussion drilling with an Atlas Copco 
Cobra drilling device and a hydraulic puller. Altogether 14 drill holes were drilled using open 
sampling tubes (50 mm wide) totalling ~69 metres of sediments (see Table 3.1). Description 
and analysis (e.g. “Munsell” colour, visible grain size, further components like shell debris, 
plant remains, etc.) were carried out on the sampled sediments in the field; we also sampled 
with closed poly ethylene (PE) liner tubes (1 m long and 50 mm wide). These PE liner tubes 
were cut lengthwise and analysed in detail in the laboratory.  Grain size distribution was 
carried out for exemplary sequences by wet sieving with a Retsch AS 200 sieving machine. 
In general, the sieving machine is able to determine particle size distribution in between 
0.2 mm and 4 cm.  
Table 3.1. Overview on drill cores and samples (BS = beach sample; TR = trench; DN = dune 
sample) at the Kaiafas Lagoon, Volakas area (Agoulinitsa Lagoon) and in the vicinity of Kakovatos. 
Coordinates are given in UTM format. 
 
In the study area of the Agoulinitsa peatland we also found a little trench beside a drainage 
catchment, which we cleaned with a spade and brushes. The trench (VOL 5 TR) was also 
described using the same methodology as the drill cores. 
Reference samples from the beaches were also taken to determine the presence of possible 
high-energy event deposits with the recent beach sediments. In the study area around 
Kakovatos dune samples were also taken, to be able to compare with the massive sand 
layers within the drill cores 
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3.3.2 Magnetic susceptibility (MS) measurements 
In the laboratory, magnetic susceptibility (MS) measurements were performed on the opened 
PE liner tubes; MS measurements were also undertaken on the trench (VOL 5 TR) in the 
field. A Bartington MS2 System, which consists of the meter and the MS2K sensor, was 
used with a measurement interval of 2 cm.  
MS allows the detection of materials from different origins (e.g. Mullins, 1977), because of 
their varying mineral content (e.g. ferromagnetic, diamagnetic or paramagnetic minerals). In 
general terrestrial materials show higher magnetic susceptibility values than marine material. 
Strong susceptibility is caused by iron and other metals as well as by iron oxides and 
sulphides. Negative susceptibility is proof of organic matter, carbonate and silicates (Dearing, 
1994). 
 
3.3.3 Geochemical analysis 
Geochemical analyses comprised x-ray fluorescence (XRF) measurements with a Niton XL3t 
900S GOLDD (calibration mode “SOIL”) handheld XRF-spectrometer. The XRF-spectrometer 
is able to measure the total amounts of about 30 elements. A measurement time of 30.5 
seconds was chosen and the measuring interval on the PE liner tubes is 5 cm. We only 
carried out XRF measurements on drill cores from Kaiafas Lagoon. 
The aim of the geochemical analysis with XRF measurements is to detect different 
environmental indicators within the deposited sediments: e.g. marine indicators are mostly 
Ca (calcium), Sr (strontium), Mn (manganese) or K (potassium; e.g. Vött et al., 2011a; 
Chagué-Goff et al., 2012a; Cuven et al., 2013; Font et al., 2013). Ca is available within the 
coastal system due to biogenically produced calcium carbonate (CaCO3) by ostracods, 
foraminifera or gastropods. Therefore, high Ca values indicate a mostly marine influence. 
Furthermore, sulphur can be a strong marine geochemical signature but it is also highly 
mobile (Chagué-Goff et al., 2012a) and there is an additional influx in the study area from the 
thermal springs. 
Iron (Fe) and titanium (Ti) are considered to be terrigenous indicators and, therefore, high Fe 
or Ti values indicate terrigenous (or rarely anthropogenic) origin (Chagué-Goff, 2010; Vött et 
al., 2011a; Font et al., 2013). 
The elemental distribution of single elements on the stratigraphy (e.g. Chagué-Goff, 2010; 
Chagué-Goff et al., 2012a; Font et al., 2013; Mathes-Schmidt et al., 2013) did not provide 
clear conclusions. Therefore, we additionally applied different elemental ratios like Vött et al. 
(2011a), Cuven et al. (2013) or Hadler et al. (2013) have recommended in their publications: 
In our study the ratios of Mn/Ti, Ca/Fe and Ca/Ti seem to be the most suitable when 
distinguishing between different environmental conditions. The advantage of elemental ratios 
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over single elements is the dimensionless comparison between different drill cores, studies 
or study areas.  
 
3.3.4 Micropalaeontology 
Micropalaeontological investigations, especially on foraminifera, have been proven to be 
reliable indicators when identifying a marine influence in terrestrial archives, e.g. tsunami 
deposits (Hindson et al., 1996; Hawkes et al., 2007; Mamo et al., 2009; May et al., 2012; 
Pilarczyk et al., 2012; Pilarczyk and Reinhardt, 2012; Hadler et al., 2013, 2015; Mathes-
Schmidt et al., 2013; Willershäuser et al., 2013). The micropalaeontology was checked with 
a Zeiss Stemi DV4 reflected-light microscope. The compartmentalised grain size samples 
from sieving analysis were used for foraminifera detection. Due to the sedimentological 
results and the aim of this study, foraminifera were checked from sediment core samples 
drilled at the Kaiafas Lagoon and some samples drilled at the study area near Kakovatos. 
Additionally, the detected foraminifera were photographed with a Zeiss SUPRA 55 scanning 
electron microscope (SEM) to take a closer look to the details of the foraminifera and to 
determine whether the foraminifera were reworked due to transportation processes. All SEM 
photographs were carried out with a voltage of 5 kV. 
 
3.3.5 Ground penetrating radar (GPR) 
Ground penetrating radar (GPR) investigations were carried out with a GSSI 270 MHz 
antenna, survey wheel, a SIR-3000 data recording unit and a handheld GPS device. The 
GPR configuration was set with a trace increment of 0.02 m and a range of 180 ns TWT with 
a sample rate of 512 samples per scan. Further processing of the GPR data was carried out 
by Sandmeier Reflex 7.0 software and included static correction, background removal, gain 
adjustments and time-depth conversion. The latter was based on a diffraction hyperbola 
analysis for wave velocity estimation and material properties of the sediments after Neal 
(2004). Unfortunately, the plain and moist setting in the Agoulinitsa peatland and the Kaiafas 
Lagoon, with high ground water levels and a high concentration of salt(-water), caused the 
data quality to be too poor in these areas for further analysis. Only in the southern study area 
near Kakovatos was the data quality sufficient for subsurface detection of the dune setting 
and comparison with the drill cores. 
3.3.6 Dating of tsunami deposits 
Radiocarbon dating was carried out by means of sandwich sampling from possible high-
energy event layers of drill core KAI 5 from the Kaiafas Lagoon as well as a reference sample 
from the lagoonal environment (compare Figs. 3.6 and 3.9). The dating was carried out at the 
Curt-Engelhorn-Centre Archaeometry gGmbH Mannheim (Germany) on organic matter from 
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the samples. Calib 7.0 software was used to calibrate the radiocarbon dates using the 
atmospheric and marine calibration curves of Reimer et al. (2013). 
 
3.4 Results  
3.4.1 Sedimentological characterisation of the Agoulinitsa 
peatland 
 
Fig. 3.3. Overview of the sedimentary drill cores and the small trench (VOL 5 TR) from the Agoulinitsa 
peatland. Deposits interpreted as old beach deposits are marked with grey colours, while red colours 
illustrate anthropogenic influences. A curious medium sand layer is marked with yellow/grey colours. 
Depth is given in metres below ground surface level. 
In the vicinity of the Agoulinitsa Lagoon we carried out six sedimentary drill cores (VOL 1-6), 
and dug and cleaned one trench (VOL 5 TR). Most of the drillings were five metres in depth, 
with only one around two metres depth because unstable soft peat. The trench exposes two 
metres of sediments. Grain size distribution results, sedimentological features and 
interpretation of the sediments are shown in Figure 3.3. We also took two surface samples of 
the beach deposits to be able to compare the characteristics of recent sandy sediments with 
older or possible event deposits. 
The stratigraphy within the drill cores from the Agoulinits peatland is very similar. The thickest 
deposits of the former lagoon were found in drill cores VOL 2 (~3.90 m below ground 
surface) and VOL 5 (~2.85 m below ground surface). These deposits are composed of 
organic-rich silty clays, laminated green-grey clays and/or dark brown to black peat with a 
high amount of root and plant remains (Fig. 3.4A and 3.4B). The different sediment types can 
originate from the different stages of the lagoon’s water level (e.g. Nichols and Boon 1994; 
Warren, 2006). The drill cores VOL 3, VOL 6 and the trench VOL 5 TR show anthropogenic 
deposits near the surface (VOL 3: ~0.77 m below ground surface; VOL 5 TR: 0.52 m below 
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ground surface; VOL 6: 0.26 m below ground surface), which may be related to the 
embankment, drainage and refilling of the lagoon in AD 1969 (Sofikitis et al., 2007). The 
anthropogenic filling is characterised by sandy sediments, mixed with plant remains and litter 
(e.g. plastics).  
The lower part of the investigated stratigraphy consists of greyish mostly decalcified fine, 
medium or rare coarse sands (Fig. 3.4C). In some parts, organic remains (by roots or plants) 
and/or small amounts of shell debris are within these layers. Lamination was also observed in 
some areas.  
 
Fig. 3.4. Sedimentary record of drill core VOL 2 from the study area at Agoulinitsa peatland with 
detailed examples of the sediments: (A) organic rich black peat, (B) grey-green clay, (C) medium to 
fine decalcified grey sand with little shell debris & (D) conspicuous decalcified medium sand with 
pebbles and some well-rounded shell debris. 
Only in drill core VOL 2 is a section at ~4.66-4.95 m below ground surface where the 
sedimentary characteristics differ (see Figs 3.3 and 3.4D). A little clay clast is situated in 
poorly sorted decalcified medium/coarse sand with individual gravels and some shell debris. 
The shell debris and the pebbles are to some extent well-rounded. The foraminiferal content 
is also very low; only individual Elphidium crispum, Ammonia beccarii and a slightly higher 
amount of Radiolaria sp. were detected within this layer. Moreover, the predominant 
geological setting (marine Pleistocene sediments) in the study area contains a lot of the 
Radiolaria sp. 
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3.4.2 Stratigraphy and inferred event deposits in the Kaiafas 
Lagoon 
In the second study area, the Kaiafas Lagoon, we carried out six drill cores (KAI 1-6) each 
with a depth of five metres except for drill core KAI 6 with four metres depth (compare 
Fig. 3.5). Two surface samples of the beach deposits were taken for the same reasons 
those taken at the Agoulinitsa study area. 
We found typical lagoon and lake deposits; e.g. brown-grey varved clays or silty clays with 
some organic foliation, dark-brown to black peat with a high amount of plant or root remains, 
as well as some silt interlayers within the peat deposits (Fig. 3.6). Grey (in places decalcified) 
fine to medium sands with some organic remains (root and plants) are present in the lower 
depths of all drill cores (Figs. 3.5 and 3.6).  
There are sequences with high amounts of rip-up clasts mixed with organics and shells, as 
well as shell debris in an unsorted yellowish sand matrix (Fig. 3.6A) or even multiple fining 
upward sequences (e.g. up to four sequences in KAI 5) with an erosive base (Fig. 3.6B). 
We then had a closer look to the elemental composition of the investigated sediments and 
carried out magnetic susceptibility and XRF measurements (Fig. 3.5). The geochemical 
analysis reveals the highest rise in elemental ratios for sand deposits. In some parts a smaller 
rise in the elemental ratios is also visible within the silt, clay or peat layers. The element ratios 
Mn/Ti-, Ca/Fe- and Ca/Ti have similar characteristics. 
Besides elemental ratios and magnetic susceptibility, we also measured the amount of S 
(sulphur) in the sediments on account of the nearby sulphur spring (for location see Fig. 
3.1C), but this turned out to be very challenging. Within horizons of sand, the values for S are 
generally very low or below the detection limit of the handheld XRF-tool, while the values 
within clays or silt are high. This observation is not unusual, due to the fact that sulphur is 
highly mobile and can accumulate in clays while meteoric waters can cause leaching or 
dissolution in porous sediments by (e.g. Chagué-Goff et al., 2012a; Cuven et al., 2013). 
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Fig. 3.5. Grain size distribution, micropalaeontological analysis, magnetic susceptibility and XRF ratios 
of drill cores from the Kaiafas Lagoon (A-F). 
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Fig. 3.6. Drill cores KAI 1 (A) and KAI 5 (B) from the Kaiafas Lagoon (letters CM indicate caving 
material). The detailed sections of each drill core show individual features and layers within the 
stratigraphy. The inferred tsunami layers are shown in A/II (with rip-up clasts, coarse shell debris and 
shell fragments), A/III (with rip-up clasts and medium to coarse shell debris) and in B/II (multiple fining 
upward sequences and an erosive base). In drill core KAI 1, this specific layer is located between 
dune sands, while in KAI 5 the layer is located between laminated/varved silt or clay layers. Locations 
of radiocarbon dating of drill core KAI 5 are illustrated with red dots next to stratigraphy. 
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Microfossils were not only analysed in the conspicuous event layers, but also in the 
background sediments (such as lagoon, dune or old beach sediments; Table 3.2). 
Globigerina sp. (Fig. 3.7B & 3.7C), Pullenia sp., Elphidium Crispum (Fig. 3.7E) and Ammonia 
beccarii are available in sand sequences, which have high-energy transport characteristics. 
Bulimina sp. and Triloculina sp. (Fig. 3.7D) were also identified in some samples (Table 3.2). 
Globigerina sp., Pullenia sp., Bulimina sp. and Triloculina sp. are associated with marine 
foraminifera. The living environment for Globigerina sp. in the Mediterranean can be up to 
100 m below mean sea level (Hofrichter et al., 2004; Schiebel and Hemleben, 2005). 
Pullenia sp. and Bulimina sp. can both reach ocean depths of up to ~100-3,300 m 
depending on the individual species (Hofrichter et al., 2004). Pullenia sp. lives in the marine 
outer shelf to bathyal within mud and at cold temperatures, while Bulimina sp. lives in the 
marine inner shelf to bathyal in cold conditions within mud or fine sand (Murray, 2006). Some 
species of Bulimina sp. tolerate dysoxia (Murray, 2006). Elphidium cripsum and Ammonia 
beccarii can also indicate a marine influence (Hofrichter et al., 2004; Debenay and Millet 
2005). While Elphidium crispum is polyhaline, lives in muddy sand and is often associated 
with seaweed (Hofrichter et al., 2004; Murray, 2006, Alvarez-Zarikian et al., 2008), Ammonia 
beccarii is euryhalin and prefers shallow, nearshore, brackish to marginal marine 
environments (Alvarez-Zarikian et al., 2008). In general, Ammonia sp. lives in marsh to 
subtidal conditions (0-50 m depth) and is common in sediments with highly variable mud and 
total organic carbon (TOC) contents (Murray, 2006). 
Gastropods, Ostracods, Ammonia tepida (Fig. 3.7A) and Charophyta are available in most of 
the samples (Table 3.2). In samples from drill core KAI 4 and in other samples from greater 
depth these microfossils are rare or missing (e.g. KAI 1 185-190 cm, KAI 3 470-475 cm, KAI 
5 481-486 cm, KAI 6 396-400 cm). Ostracods, Ammonia tepida and Charophyta are main 
indicators of the lagoon environment (e.g. Abu-Zied et al., 2007), while Ammonia tepida 
indicate brackish to hypersaline conditions and can be found at depths of less than 30 m in 
the Mediterranean (Hofrichter et al., 2004; Morigi et al., 2005; Abu-Zied et al., 2007). 
Gastropods can origin from both terrestrial and marine environments.  
 In addition to the aforementioned species, Radiolaria sp. (Fig. 3.7G) is abundant as an 
omnipresent species from the background geology. As most of the Radiolaria sp. are 
reworked, it is a challenging task to apply them as an indicator of an extraordinary marine 
influence. A single Miliolida sp. (Fig. 3.7F), which has a marine habitat up to ~50-100 m 
(Hofrichter et al., 2004) was found in sample KAI 2 0.65 m – 0.68 m; however, this is also 
reworked and may originate from the background geology. We also found diatoms in the 
samples (Table 3.2 and Fig. 3.7H); however, individual species were not identified. In 
addition, we used the SEM in order to have a detailed look on the foraminifera shapes. Using 
this technique, it is clear that a good portion of the foraminifera samples are reworked (see 
Fig. 3.7 and 3.8).  
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Table 3.2a. Foraminiferal assemblages and other micropalaeontological findings from the Kaiafas 
Lagoon drill core samples. The amount of lagoonal (light green), hypersaline-brackish (dark green) and 
marine species (blue) and omnipresent species from the geological background (dark grey) are 
illustrated. Furthermore, the variation of grain roundness and the existence of diatoms and plant 
remains are shown. 
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Table 3.2b. Table 3.2a continued: 
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Fig. 3.7. SEM photos of micropalaeontological findings and foraminifera from the inferred tsunamigenic 
samples from the Kaiafas Lagoon. Individual species (A-N) are illustrated in the figure. 
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Fig. 3.8. Detailed SEM photograph of a reworked foraminifera from the Kaiafas Lagoon samples. 
The microfossil analyses reveal further interesting details about the composition of 
foraminifera in the study area. The event horizons have a high amount of lagoon foraminifera 
and a decreasing amount of Radiolaria sp. compared to the lagoon, beach or dune deposits 
(Fig. 3.5). The amount of marine foraminifera in the possible event layers is higher compared 
to the background sediments. In some parts, the amount rises in the dune sediments 
possibly because of aeolian processes. The foraminiferal composition in the event layers is 
conspicuous compared to the other environments as the composition is very mixed. 
The radiocarbon dating results reveal further interesting details: between 4.35 and 1.74 m 
below ground surface of drill core KAI 5 (compare dating results in Fig. 3.9) an age between 
1334-1493 cal. BC was measured. The sedimentation rate of the lagoonal environment at 
this drilling site can be calculated to ~1.83 mm per year in the lowermost peat and clay 
layers up to the first curious sand layer. Calibrated dates between 428-540 cal. AD are 
yielded from a sample at 1.74-1.77 m just below the section with four fining upward 
sequences, the erosive base and a curious foraminifera mixture. A sample at the upper 
boundary of this section at 1.51-1.52 m within the organic clayey top (possibly the mud cap 
of the tsunami deposit) has dates of 1462-1631 cal. AD. Unfortunately, the dating sample at 
1.41-1.43 m failed due to contamination. The uppermost sample at 0.95-0.97 m taken from 
the clayey deposits directly above the possible second event layer yielded ages of 1274-
1385 cal. AD. Samples at both 1.74-1.77 m and 0.95-0.97 m seem to yield the most 
reliable event ages as these were taken from in-situ sediments and, therefore, were most 
likely not influenced by material reworking. The sample material between 1.51-1.52 m 
(possibly part of the mud cap) may be influenced by older reworked organic material or 
younger organic material due to root bioturbation (as in the contaminated sample).  
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Fig. 3.9. Radiocarbon dating results from drill core KAI 5 (A; compare also with Fig. 3.6) and 
radiocarbon dating results plotted and compared to stratigraphy of drill core KAI 5 (B). Black brackets 
at the base of the calibration curves illustrate 1 sigma sections, while red brackets illustrate 2 sigma 
sections. 
 
3.4.3 Sedimentological findings and GPR data from the study 
area near Kakovatos 
The sedimentological setting in the study area of the vicinity of Kakovatos is characterised by 
mainly fine, medium and coarse sand deposits (Fig. 3.10). In some places at lower depths 
(>4.20 m) some gravel is also present within the sand deposits. Also the colour of the sand 
becomes more greyish with depth (decalcification; on top it is yellow-brown). As in the study 
area of the Kaiafas Lagoon we analysed the foraminiferal assemblage within several samples. 
The main foraminifera within the samples are reworked marine Radiolaria sp. and some 
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sporadic strong reworked species (e.g. Ammonia sp., Elphidium crispum). We suggest that 
these are reworked during erosion, transported from the area of influence (background 
geology or other places) and deposited on the former beaches or dunes. The sands show a 
very similar grain size distribution to the reference sample from the dune sands; the only 
exceptions are the layers with gravel. The grain size distribution characteristics are also similar 
to the reference samples from the recent beach drift lines.  
 
Fig. 3.10. Sedimentological overview of the sedimentary drill cores from the vicinity of Kakovatos. 
Dune deposits and old marine beach deposits with storm interlayers are marked with grey colours, 
which seem to have different generations of deposition. 
In order to verify our sedimentary results, ground penetrating radar (GPR) was carried out in 
this study area. The aim of using this method was to recognise and determine the 
sedimentological subsurface setting (Fig. 3.11). GPR data reveal subsurface structures of 
several dune generations which match well with the first 3 metres of drill core KAK 2, and the 
same dune generations can be found both in the drilled sediments and the GPR data (see 
Figs. 3.10B and 3.11). The geomorphological distribution does not fit with either a multiple 
tsunami landfall or multiple storm events. 
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Fig. 3.11. Dune sediments scanned with ground penetrating radar (GPR) in the vicinity of Kakovatos 
(for location see Fig. 3.1D): (A) Processed GPR profile, (B) processed and analysed GPR profile and 
(C) interpretation of the GPR profile with evolution of the dunes (oldest stage I. to youngest V.). The 
projection of (the first metres of) drill core KAK 2 (see Fig. 3.10B) is marked with the red box. 
 
3.5 Discussion of the findings on the shores of Gulf of 
Kyparissia  
3.5.1 Identification of tsunami deposits 
We only found clear evidence for palaeotsunami deposits in the study area of the Kaiafas 
Lagoon; however, due to a coastal region’s geomorphological setting (e.g. Dawson, 1994; 
Tappin, 2007; Nichol et al., 2010) or hydrodynamic processes (e.g. Tselentis et al., 2010; 
Röbke et al., 2013) specific areas can be affected by tsunami action more than others. 
Numerical models of Tselentis et al. (2010) and Röbke et al. (2013) indicate particularly high 
wave heights during tsunami landfall at the Kaiafas Lagoon. Potential triggers are the Filiatra 
or the Zakynthos fault (Tselentis et al., 2010) as well as faults related to the Hellenic Trench 
(e.g. Papadopolous et al., 2010). Furthermore, the preservation potential of palaeotsunami 
deposits depends on the coastal processes and setting (e.g. Phantuwongraj and 
Choowong, 2012; Szczuciński, 2012; Spiske et al., 2013). In this study, all study areas have 
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an extensive dune belt, which has possibly been overwashed and/or eroded by 
palaeotsunamis, or could have even blocked the on-running tsunami wave train. Intense 
anthropogenic interference by land reclamation has occurred especially in the Agoulinitsa 
peatland and the Kaiafas Lagoon; however, this has little impact on the investigated event 
stratigraphy. Moreover, the northern part of the Agoulinitsa peatland has possibly been 
influenced by the Alpheios River. The distribution of palaeotsunami deposits can also be 
scattered, or there are often changes in deposition and degradation of tsunami deposits by 
natural influences (e.g. Richmond et al., 2012; Szczuciński, 2012). 
Drillings in the Agoulinitsa peatland are not as deep as the nearby drillings of Röbke et al. 
(2013) or Willershäuser et al. (2015a) and we possibly did not reach the deposits mentioned 
by these groups of authors. We interpret the grey coloured decalcified sand layers in this 
study area to be old beach deposits. The composition of foraminifera and the grain size 
distribution in the found curious sand layer at ~4.66-4.95 m within drill core VOL 2 is similar 
to that of the recent beach in drift lines caused by winter storms. Clay clasts are, however, 
rarely observed in storm deposits and are mostly linked to tsunami deposits (e.g. Kortekaas 
and Dawson, 2007; Morton et al., 2007; Switzer and Jones, 2008; Phantuwongraj and 
Choowong, 2012) so that a tsunamigenic origin of this layer cannot definitely be excluded. 
Beside the clay clast there are, however, no further features which indicate a tsunamigenic 
origin for this layer. It also remains unclear whether this deposit may belong to a 
palaeotsunami event related to the findings of Röbke et al. (2013) and Willershäuser et al. 
(2015a). Their findings are at lower depths than this layer and also further inland. There are 
no further deposits which show similar conspicuous features or characteristics related to 
tsunami deposits in the other drill cores or in the trench at the Agoulinitsa peatland. Fining or 
coarsening upward sequences in other drill cores in the old beach deposits are therefore 
suggested to be most likely linked to normal beach processes. However, often, and above 
all in regions which are affected by exceptional tropical storms outside the Mediterranean, 
findings of inferred tsunami deposits are controversial and storm or beach deposits cannot 
be excluded (e.g. Kortekaas and Dawson, 2007; Morton et al., 2007; Switzer and Jones, 
2008). Reworking and re-deposition of mere beach or dune deposits by a tsunami is a 
possible theory. 
In the Kaiafas Lagoon also grey coloured decalcified sand layers were found in the drill cores. 
These deposits are assumed to represent old beach deposits like in the Agoulinitsa Lagoon. 
In drill core KAI 4 are some interlayers of coarse sand sheets, which may be related to storm 
layers on the old beach. A comparison with the surface sediment samples evidences this 
assumption. No event deposits were found in drill core KAI 4 while the other five drill cores 
contain conspicuous event layers; drill cores KAI 5 and KAI 6 contain the two clearest event 
layers. Clear laminated fine-grained deposits divide the inferred event layers in both drill 
cores. The investigated event layer in drill core KAI 1 cannot be automatically connected to 
one or even two events because of material loss in the sequence between the first and 
second metre of the sedimentary drill cores. 
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After investigating the drill core sediments and its origin in more detail, it becomes obvious 
that some sequences have irregular features that are not observed in the Agoulinitsa Lagoon. 
Event deposits in the Kaiafas Lagoon are characterised by (multiple) fining upward 
sequences, rip-up clasts and shell fragments in a medium to fine sand matrix. These are 
clear features for tsunami-related deposits described by Dawson and Stewart (2007), 
Kortekaas and Dawson (2007), Morton et al. (2007), Switzer and Jones (2008), or Reicherter 
et al. (2010b). Multiple fining upward sequences point to the amount of waves during the 
landfall of a tsunami wave-train due to alternating deposition episodes of high-energy 
(deposition of coarse-grained materials) and intervening quiescent (deposition of fine-grained 
materials) periods (e.g. Dawson and Stewart, 2007). 
While elements like Mn (manganese) and Ca (calcium) are indicators of a marine 
environment, Fe (iron) and Ti (titanium) are used as terrigenuous indicators (e.g. Vött et al., 
2011; Chagué-Goff et al., 2012a; Font et al., 2013; Cuven et al., 2013). The element ratios 
of Mn/Ti, Ca/Fe and Ca/Ti underline the influence of marine input into the lagoon system by 
rising graphs in the inferred event sequences (e.g. KAI 2, KAI 5 and KAI6), but the influence 
is also visible in the dune and old beach horizons. Magnetic susceptibility measurements 
support the classification of mostly terrigenous (high values) or marine (low values) deposits 
(see Fig. 3.5). Furthermore, the XRF-ratios generally show three to four individual peaks in the 
event sequences, which are assumed to be related to individual amount of waves in the 
tsunami wave train. This feature is, however, not observed in the multiple fining upward 
sequences of drill core KAI 5 and turbulent graphs of element ratios are common in tsunami 
deposits (cf. Hadler et al., 2015; Willershäuser et al., 2013, 2015a, 2015b). 
An increasing amount of lagoonal foraminifera mixed with marine species within the possible 
tsunami sands is also observed. It is unusual that marine sands have a higher concentration 
of lagoon species within the sediments. This specific finding could, therefore, indicate 
reworking and mixing from different environments and/or deposits within one deposit, and 
could be caused by tsunami action. A sudden unnatural change of foraminiferal assemblage 
is often reported as a feature of tsunami deposits compared to the foraminifera’s natural 
habitat and the background sediments (e.g. Hawkes et al., 2007; Mamo et al., 2009). 
Moreover, Chagué-Goff et al. (2012b) mentioned an increasing amount of reworked and 
broken foraminifera as evidence of tsunamis, which we also have in our findings. However, 
reworking of foraminifera from background geology (like Radiolaria sp. in our study areas) is 
very common in coastal areas and this should always be considered in tsunami studies to 
distinguish between event and background foraminifera.  
 
Geoscientific investigations in search of tsunami deposits in the environs of the Agoulinitsa 
peatland, Kaiafas Lagoon and Kakovatos (Gulf of Kyparissia, western Peloponnese, Greece) 
42 
 
3.5.2 Spatial characteristics and reconstruction of the event 
stratigraphy 
 
Fig. 3.12. Reconstruction of three drill core transects (A, B and C) at the Kaiafas Lagoon, which are 
perpendicular to the coast, and interpretation of the palaeo-environmental conditions. The high energy 
event layer can be correlated within all drill cores; excluding drill core KAI 4. 
The stratigraphy in the Kaiafas Lagoon is more complex than in both other study areas. Thus, 
we evaluate the possible event stratigraphy by developing cross sections using drill core 
transects perpendicular (KAI 5 – KAI 6, KAI 1 – KAI 2, KAI 3 – KAI 4; Fig. 3.12) and parallel 
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(KAI 5 – KAI 1 – KAI 3; Fig. 3.13 & KAI 6 – KAI 2 – KAI 4; Fig. 3.14) to the coast at the 
Kaiafas Lagoon. 
This analysis identifies further potential tsunami features; e.g. thinning inland (Fig. 
3.12A and 3.12B) and even wedging out structures (possible discontinuity; Fig. 3.12C) are 
present (e.g. Dawson and Stewart, 2007; Goff et al., 2012; Hadler et al., 2013; Goto et al., 
2014). At 3-4 m depth, drill core KAI 4 shows coarse sand sheet interlayers in sandy 
sequence which is interpreted as an ancient beach sequence (Fig. 3.12C). The combination 
of the different sequences within the drill cores is in some parts complex, especially for the 
upper layers of drill cores KAI 5 and KAI 1 (Fig. 3.13). The possibility that both event layers 
belong to the same event can be excluded because of the laminated lagoon clays in 
between both sequences. It is not clear whether the event deposit in KAI belongs to one or 
two events due to core loss in the event sequence. Furthermore, the upper possible high-
energy event is only observed in drill core KAI 5 and may be related to the dune deposits of 
drill cores KAI 1 and KAI 3. Micropalaeontological findings document that these sediments 
are not reworked. 
 
Fig. 3.13. Reconstruction of a drill core transect at the Kaiafas Lagoon, which is parallel to the 
coastline and interpretation of the palaeo-environmental conditions. 
The third transect is reconstructed with drill cores KAI 6, KAI 2 and KAI 4 (Fig. 3.14). In this 
transect, the upper possible high-energy event in drill core KAI 6 may also be related to the 
dune deposits of both drill cores KAI 2 and KAI 4 which are possibly reworked. However, the 
micropalaeontological findings do not evidence the dune sands to be reworked by a tsunami 
event. 
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Fig. 3.14. Reconstruction of another drill core transect at the Kaiafas Lagoon parallel to the coastline 
and interpretation of the palaeo-environmental conditions. 
Geochemical element ratios helped to distinguish different depositional environments in drill 
cores KAI 2, KAI 5 and KAI 6, but background sediments such as dune or old beach sands 
may cause ambiguities because of similar values. Jagodziński et al. (2012) report on similar 
problems when using heavy minerals to distinguish between the AD 2011 Tohoku-oki 
tsunami deposits from the coastal plain and beach sediments. This is due to a lack or very 
limited influence of offshore sediments. The authors imply that even very large tsunamis may 
not leave a detectable sedimentary signature on land. In this study, reference sampling of 
nearby recent beach and dune deposits and comparing the grain size distribution and 
foraminiferal assemblage is helpful when distinguishing between different environments. 
However, it is possible that beach or dune sediments are reworked by a tsunami and this 
theory cannot be excluded in spite of missing tsunamigenic features. 
Furthermore, the dune or beach sediments could also be transported by a high-energy event 
such as a tsunami as reported from recent events: e.g. Richmond et al. (2012) report that 
the sandy grain size composition of the AD 2011 Tohoku-oki tsunami deposits is nearly 
similar to the beach sediments and contains very few shells. Szczuciński et al. (2012) state 
that these tsunami deposits are mainly composed of beach and dune sands at the near 
shore area up to 1 km inland. 
In our study, foraminiferal assemblage of the dune layers in all study areas (higher amount of 
background foraminifera) does not evidence a tsunami origin of these layers compared to the 
event layers found in the Kaiafas Lagoon. In the vicinity of Kakovatos, the subsurface dune 
structures and their generations were reconstructed using ground penetrating radar (GPR).  
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3.5.3 Event-chronology 
Concerning the dating results, it is obvious that there are time shifts in the calibrated ages in 
the first two metres of the stratigraphy where the event layers are situated (compare Fig. 3.9). 
These time-shifts are possibly due to the reworking processes of a tsunami event or that the 
upper sample at 0.95-0.97 m below ground surface is calibrated with the marine calibration 
curve while the other samples are calibrated with the atmospheric calibration curve. 
Furthermore, regional or local varieties of the reservoir effect (a mean marine reservoir effect 
by 408 years was included) are not considered in the calibration.  
For the lower event layer at ~1.50-1.71 m below ground surface, erosive processes are likely 
to have affected the stratigraphy in this section. It is suggested that the deposits at ~1.50-
1.71 m below ground surface belong to an event after 540 cal. AD. Moreover, a possible 
minimum age for the event is at 1631 cal. AD using the sampled material at the organic 
muddy boundary to the event layer. This material is probably part of the mud cap which is 
often reported with tsunami deposits (e.g. Morton et al., 2007; Goto et al., 2012b) and, 
therefore, the dating material is reworked by the event. There is an event in AD 1633 listed by 
e.g. Papadopoulos et al. (2010; compare with Fig. 3.1A) which can possibly be linked with 
this tsunami layer. However, the deposits could also relate to other events when taking AD 
1631 as a minimum age. If the organic muddy cap does not relate to the tsunami deposit, 
the period when the event may have affected the coast would cover ~1087 years; there are, 
however, several sedimentary findings for this period after AD 540 on the western 
Peloponnese (compare with e.g. Vött et al., 2011a; Hadler et al., 2012, 2015; Willershäuser 
et al., 2015b). Furthermore, the dating at 1.51-1.52 m below ground surface could also be 
contaminated from the sample above (1.41-1.43 m) due to younger root remains. This would 
imply, as mentioned before, an event age after AD 540 limited by the oldest age of the 
uppermost dating sample (0.95-0.97 m) at AD 1274. However, the tsunami landfall possibly 
occurred later than AD 1274 because there is a large 2-sigma distribution and possible 
variations in the reservoir effect.  
Unfortunately, the second possible event layer (0.97-1.36 m below ground surface) cannot 
be directly dated due to contamination of the sampled material at the bottom of the section. It 
is assumed that the dated samples do not belong to material reworked by the possible event 
and, therefore, a maximum age of around AD 1274 was determined; this would also confirm 
the assumption that the first event occurred before AD 1274. Furthermore, the calibrated 
ages of the uppermost radiocarbon dating fits almost perfectly with the regular lagoonal 
sedimentation and the general age model presented in Figure 3.9; however, the previously 
mentioned regional or local reservoir effect changes and different calibration of the dating 
samples may indicate even younger ages of tsunami landfall.   
Possible sea level changes cannot be responsible for the sandy layers within the lagoonal 
stratigraphy as e.g. Kraft et al. (2005), Vött et al. (2007), Engel et al. (2009) and Willershäuser 
et al. (2015a) report on sea level stands around -1 m to -1.5 m at 2000 BP in the wider 
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region of western Peloponnese. This also implies that the tsunami waves erode, transport 
and deposit different materials from variable environments: sands from the beach as well as 
from the dune belt with four dune generations (compare e.g. Kraft et al., 2005), but also 
lagoonal mud from the Kaiafas Lagoon itself. The presented findings with mixed deposits of 
varying materials and components underline this tsunami landfall scenario.  
Kraft et al. (2005) report on formation of a lake at around AD 400 in the Kaiafas Lagoon. The 
authors dated lagoonal and peripheral marsh sediments directly located under a sandy 
barrier accretion deposit in the very northern part of the Kaiafas Lagoon. Comparing 
stratigraphy and sediment ages from Kraft et al. (2005) with the youngest event ages from 
this study, it is surprising that Kraft et al. (2005) found evidence for an environmental change 
in the same period tsunami waves affected the Kaiafas Lagoon. The combination of results 
from both studies implies that the Kaiafas Lagoon was possibly locked by an accretion 
beach after the tsunami event and formed a lake which subsequent became a lagoon again. 
Younger dune generations towards the sea might also be controlled by complex tectonic 
and/or (aeolian) coastal processes (e.g. Kelletat, 1974). 
In this case study, the radiocarbon dating cannot prove the existence of two separate 
events, but an event age for a minimum one event can be declared between AD 540 and 
minimum AD 1274.  
In addition, the dating results from the lowest lagoonal facies (4.33-4.35 m below ground 
surface) directly above the old beach facies (deeper 4.57 m in drill core KAI 5) complements 
the assumption that the Kaiafas Lagoon was active since minimum ~1325 BC (~3274 BP). 
However, the Agoulinitsa Lagoon was active since ~3650 BC as reported by Kraft et al. 
(2005) and, therefore, is older than the Kaiafas Lagoon. This is important for future 
investigations on palaeotsunami deposits due to the potential and limitations (such as the 
age of an event) of archiving tsunami deposits in these lagoons. 
 
3.6 Conclusions  
We found evidence of palaeotsunami landfall in the central study area of Kaiafas Lagoon 
indicating a minimum of one tsunami event. Here, the regular lagoonal stratigraphy is 
disrupted by conspicuous horizons, which contain multiple fining upward sequences, rip-up 
clasts and high amounts of marine shells and shell debris. Our results do not prove the 
presence of palaeotsunami deposits in the Agoulinitsa peatland, but the absence of these 
deposits does not exclude a likely tsunami landfall when considering the findings of Scheffers 
et al. (2008), Vött et al. (2011a), Hoffmeister et al. (2013), Röbke et al. (2013), Hadler et al. 
(2015) and Willershäuser et al. (2015a, 2015b). The Agoulinitsa peatland is possibly too large 
in extent to determine tsunami deposits with the small number of drill cores undertaken as 
event deposits are possibly scarce and well distributed, situated at lower depths or have 
even been subject to post-event erosion. 
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In the study area of the Kaiafas Lagoon tsunami deposits were found well preserved in the 
central landward part of the lagoon; these deposits became rare toward the south and none 
were discovered at the southern end of the lagoon. We assume that the palaeotsunami 
sediment was accumulated in the former lagoon area, while in elevated areas at the rim or 
outside the former lagoon it was most eroded after the event. 
Ratios of marine and terrestrial element indicators can define environments of origin. Selected 
elements are always dependent on the setting and environment of investigation because of 
background influences. Unfortunately, comparability of studies is a challenging task because 
of same sediment types and reworking. Further geochemical measurements with a denser 
measurement grid or a stationary measurement tool could improve our data and help specify 
the origin of investigated dune and beach sediments. 
The percentage of reworked foraminifera is constantly high; however, the foraminiferal 
composition provides an indication of the origin and transport processes: within the sandy 
tsunami event layers are a mixture of marine, lagoon and terrestrial foraminifera. The high 
amount of lagoon species in the identified tsunami deposits is particularly unusual and these 
seem to be transported before/during deposition. Furthermore, the amount of Radiolaria sp. 
in the lagoon sediments is inconsistent and indicates an omnipresent background signal 
from the geological setting. 
The reconstruction of different transects show thinning inland features of the event horizon(s). 
The preservation potential of event deposits seems to be highly variable because of the 
diverse findings in all three study areas. The lagoonal environment is the most preferable in 
this region for such a study; the Agoulinitsa peatland has a strong anthropogenic influence 
due to embankment and drainage, and in the vicinity of Kakovatos the setting was not ideal 
due to several circumstances (extensive dune belt, archaeological protection zone etc.). The 
anthropogenic influence on the palaeotsunami deposits presented in this study is not as high 
as observed from recent tsunami deposits, e.g. at the coast of Indonesia (Szczuciński, 2012) 
concerning the AD 2004 Indian Ocean Tsunami (IOT). Regarding the spatial distribution of 
tsunami deposits in this case study, it is possible that the geomorphological setting (Dawson, 
1994; Nichol et al., 2010), or even the hydrodynamic processes during the tsunami landfall, 
plays a more important role than post-depositional (anthropogenic) erosion (Röbke et al., 
2013). 
We did not detect any event layers in the vicinity of Kakovatos. This study area was not 
optimal concerning tsunami deposit investigations because of urbanisation, agriculture and 
an archaeological protection zone at the ancient site of Kakovatos. However, it was possible 
to visualise the dune sediments using GPR and combine the results of stratigraphy and this 
geophysical method. The use of GPR in this study area is only possible due to the lower 
groundwater level (Koster et al., 2013, 2014). When good conditions prevail, this 
geophysical method is a good tool to identify further subsurface structures of tsunami event 
deposits (Koster et al. 2013, 2014). 
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Radiocarbon dating of several samples from drill core KAI 5 yielded a probable event age 
between AD 540 and minimum AD 1274. As the Kaiafas Lagoon has been active since 
minimum ~1325 BC,  further radiocarbon dating of samples from other drill cores from the 
Kaiafas Lagoon may narrow down the stated event ages. In combination with other findings 
in this coastal area the risk of tsunami landfall in the Gulf of Kyparissia remains high with 
irregular recurrence intervals.   
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4 Ground penetrating radar facies of 
inferred tsunami deposits on the shores 
of the Arabian Sea (Northern Indian 
Ocean)∗ 
 
Abstract. The occurrence of tsunami waves that affected the shores of the Arabian Sea 
including the Gulf of Oman coastline has been proven by historical reports and 
sedimentological investigations. The damaging effect of such extensive events should not 
be underestimated in this region. In our study we present an investigation of coarse- to fine 
grained, marine tsunami deposits in the vicinity of Fins, Sultanate of Oman, using ground 
penetrating radar (GPR). The sedimentary setting along the beach section preserves 
evidence (boulder and block deposits as well as trenching results) for possible high-energy 
wave impacts. The investigated area's environment is representative of conditions which 
lead to the best possible GPR data quality: arid conditions, no interference due to electrical 
power lines, and an elevated study area (~5-10 m a.m.s.l.) which eliminates the low-
frequency noise of the ground and the possibility of salt water in the GPR data. 3D 
visualisation of GPR results from four study areas show e.g. wedging out of sediments and 
fining inland features, as well as several erosion features at the base of the deposit. These 
findings corroborate the hypothesis of inferred tsunami deposits. Furthermore, the 
presented GPR investigation technique provides new insights regarding the spatial 
distribution and internal architecture of (palaeo-) tsunami deposits in comparable tsunami 
prone regions worldwide. 
 
 
4.1 Introduction  
Recent tsunamis in various oceans throughout the world revealed the vulnerability of coastal 
areas to these extreme wave events. Research efforts on devastating palaeo-events 
concentrate on the description and reconstruction of recent and past coastal inundations. 
Historical (Soloviev, 1990; Baptista and Miranda, 2009; Goff and Dominey-Howes, 2009; 
Ambraseys and Synolakis, 2010; Goto et al., 2010), archaeological (e.g. Bruins et al., 2008; 
Vött et al., 2011b) and geological (Goff et al., 2001; Dawson and Stewart, 2007; Reicherter 
et al., 2010a, 2010b; Goto et al., 2010, 2012b; Hoffmann et al., 2013a) data are used to 
assess the susceptibility of a specific coastal area. This allows the historical record to be 
                                               
∗ This chapter is based on: 
Koster, B., Hoffmann, G., Grützner, C., Reicherter, K., 2014. Ground penetrating radar facies of 
inferred tsunami deposits on the shores of the Arabian Sea (Northern Indian Ocean). Marine Geology 
351, 13–24. 
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extended far into the past and eventually forms the statistical background needed to 
calculate recurrence intervals, model run-up heights (Baptista et al., 1998; Heidarzadeh et 
al., 2008b, 2009; Reicherter et al., 2010a; Kaiser et al., 2011; Muhari et al., 2011; Cheng 
and Weiss, 2013; Rodriguez et al., 2013) and finally to improve the assessment of risk 
throughout these regions (Jaffe and Gelfenbaum, 2002); the recurrence interval of tsunami 
events is a hugely significant factor needed to mitigate against the loss of life and property in 
tsunami prone areas (e.g. Nott, 2003; Eisner, 2005). 
The major obstacle in palaeotsunami research remains how to differentiate between storm 
and tsunami deposits (Tuttle et al., 2004; Goff et al., 2006a; Morton et al., 2007; Atwater et 
al., 2012; Phantuwongraj and Choowong, 2012; Ramírez-Herrera et al., 2012; Shanmugam, 
2012). Various proxies are used to reveal the geological record. The most common 
diagnostic criteria focus on the sedimentology (Dawson and Smith, 2000; Scheffers and 
Kelletat, 2003; Peters et al., 2007; Srinivasalu et al., 2007; Donato et al., 2009; Vött et al., 
2009a, 2009b, 2011b; Reicherter et al., 2010a, 2010b; Bahlburg and Spiske, 2012; Goto 
et al., 2012b; Switzer et al., 2012; Szczuciński et al., 2012), stratigraphy (e.g. Bruins et al., 
2008; Reicherter et al., 2010b), boulder deposits (Whelan and Kelletat, 2005; Goff et al., 
2010; Goto et al., 2010; Nandasena et al., 2011; Engel and May, 2012; Hoffmann et al., 
2013a), (micro-) palaeontology (Mamo et al., 2009; Vött et al., 2009a; Pilarczyk et al., 2011, 
2012; Pilarczyk and Reinhardt, 2012), anisotropy of magnetic susceptibility (e.g. Wassmer et 
al., 2010; Chagué-Goff et al., 2011), geochemistry (e.g. Chagué-Goff, 2010), electrical 
resistivity tomography (e.g. Vött et al., 2008, 2009a, 2009b, 2011b; Hadler et al., 2013) or x-
ray computer tomography (e.g. Vött et al., 2009b). To our knowledge the capacity of ground 
penetrating radar (GPR) to reveal the internal facies architecture of tsunamigenic sediments 
has rarely been utilised in palaeotsunami research with only a small number of authors having 
published on this subject: 
Switzer et al. (2006) studied a large wash-over fan at the southeastern Australian coast. Their 
GPR data show an erosional contact between the washover and the pre-event 
dunes. It remains unclear if these deposits are tsunamigenic or storm related. 
Vött et al. (2009b) describe their findings from Lake Voulkaria (Greece) where three 
generations of tsunami deposits are preserved. A basic investigation of electrical 
resistivity tomography (ERT) and GPR was done to detect geomorphological features 
and the stratigraphy of the subsurface. The presented GPR profile in this study 
proves the trend of the upper boundary and partly the lower boundary of the 
investigated deposits. 
Koster et al. (2013) describe the general use of GPR on tsunami deposits in combination 
with sedimentological analyses. The study was carried out in two different study 
areas in Europe (southern Spain and Greece). It deals with opportunities and 
challenges of this geophysical method with regard to tsunami detection. The authors 
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highlighted that GPR measurements help improve spatial distribution models and 
identify the stratigraphical architecture (e.g. erosion features) of tsunamites. 
 
With this paper we aim to demonstrate the possibilities and limitations of this non-invasive 
and time efficient geophysical tool. The facies architecture and spatial distribution of the 
deposits of inferred tsunamigenic origin are investigated. We focus on four field sites along 
the Sultanate of Oman's coastline. These sites all face the Arabian Sea which is part of the 
northern Indian Ocean. 
 
4.2 Study area 
4.2.1 General setting 
 
Fig. 4.1. (A) Geodynamics of the study area with Owen Fracture Zone (OFZ) and Makran Subduction 
Zone (MSZ) as well as Masirah Fault. White box shows location of B. (B) Study area in Sultanate of 
Oman. (C) Boxes I-IV show the study areas near Fins village on the Gulf of Oman. Drainage pattern 
(green) illustrate areas subjected to occasional wadi flooding. 
The survey-sites are located along the coastline of Oman within the southeastern part of the 
Arabian Peninsula, located on the western shores of the Northern Indian Ocean (Arabian 
Sea, Gulf of Oman; Fig. 4.1A). The tectonic setting is dominated by the Makran Subduction 
Zone (MSZ) located in the north of the Arabian Sea. This represents the plate boundary 
between the Arabian and Eurasian plates. The Owen Fracture Zone (OFZ) – a right-lateral 
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transform fault – defines the boundary between the Arabian and Indian plate and is located 
off the Oman coast in the northwestern Indian Ocean.  
Hoffmann et al. (2013c) reported differential land-movement along the coastline of Oman, 
where coastal areas have undergone either subsidence or uplift. The coastline under 
investigation here is considered to be located in an area of uplift, which is clearly evidenced 
by raised marine terraces; uplift rates are around 1 mm/a (Hoffmann et al., 2013c). The study 
sites are situated in the vicinity of the small village Fins, located halfway between Quriat and 
Sur. The coastline is characterised by small sandy pocket beaches and cliffs not exceeding 
10 m in height. In some places the coast is characterised by wadis, which lead straight to 
the ocean (see Fig. 4.1C). The dominating lithologies are folded and faulted marly 
Palaeogene limestone, raised Quaternary coral reefs and beachrock. 
The climate is arid with average annual precipitation around 60mm. Tropical cyclones occur 
but are infrequent. Wave heights exceeding 6 m were reported for a cyclone in 1890 
(Membery, 2002). Cyclone Gonu, which tracked along the north-eastern coastline of Oman 
in 2007, is the most intense cyclone on record in the Arabian Sea with wave heights in 
excess of 9 m (Dibajnia et al., 2010). The shore parallel track of this cyclone resulted in 
severe erosion; however, wash-over fans or boulder displacements were not observed in the 
study region (Hoffmann et al., 2013a). The most recent cyclone occurred in 2010 called 
cyclone Phet. This cyclone affected the northwestern coast of Oman, but the 
geomorphological characteristics of the study region were not affected. This included no 
block or boulder displacements (Hoffmann et al., 2013a). 
 
4.2.2 Tsunami history in the Northern Indian Ocean  
Part of the Northern Indian Ocean is located at the boundary between the Indian, Eurasian 
and Arabian Plates. Large submarine slides are recorded along the Owen Fracture Zone 
(OFZ) and a local tsunami risk is inferred (Rodriguez et al., 2013). The 2004 Indian Ocean 
Tsunami, generated in the Sunda trench, was recorded along the southern shores of Oman 
where Okal et al. (2006) report a run-up height of 3.25 m at Salalah (40 Q 190,000 E 
188,3000 N) and negligible effects towards Masirah Island (40 Q 676,000 E 2,248,000 N) in 
the north. The maximum observed inundation is 447 m at Al Labki (40 Q 4,541,000 E 
2,016,660 N; Okal et al., 2006).  
The largest tsunami hazard source within the Northern Indian Ocean is the Makran 
Subduction Zone (MSZ), which has an along-strike extension of approximately 900 km and is 
divided into a western and eastern part (Kukowski et al., 2000; Smith et al., 2012). The 
Arabian Plate is being subducted at an angle of 5° below the Eurasian Plate (White and 
Ross, 1979) at a rate of around 40 mm/a (DeMets et al., 1990). The sediment thickness of 
the incoming plate is large (Kopp et al., 2000) resulting in one of the largest accretionary 
wedges observed at convergent margins (Smith et al., 2013). 
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The seismicity of the MSZ is comparatively low and the historic record is fragmented and 
incomplete (Byrne et al., 1992). The recurrence interval of large tsunamigenic earthquakes 
(MW >8) is, therefore, unknown. Heidarzadeh et al. (2008b) listed thirteen earthquake events 
since 326 BC along the MSZ, four to five of which potentially triggered tsunami waves. There 
are also historical records of earthquakes and tsunamis from 326 BC to AD 2005 listed by 
Rastogi and Jaiswal (2006). Modelling results by Heidarzadeh et al. (2009) suggest that local 
run-ups of more than 15 m can occur along the coastline of Oman. This is further 
constrained by analyses of the seismogenic potential of the MSZ; Smith et al. (2013) 
conclude that potential earthquake magnitudes (MW 8.69 up to MW 9.22) are larger than any 
recorded historical event (e.g. 1945 earthquake: MW 8.2). 
The only instrumentally recorded tsunami triggered by an earthquake within the MSZ 
occurred on 28th November 1945 (Pendse, 1946, 1948). The impact of this event along the 
coastlines of the Arabian Sea is described and reconstructed in detail by Hoffmann et al. 
(2013b), and Rajendran et al. (2008) numerically modelled the wave propagation affecting 
the coastlines of the Arabian Sea and Indian Ocean. The coastlines of northern Oman were 
affected by waves with maximum heights of 3 m. A near-surface shell bed (within 50 cm 
below ground surface) in Sur lagoon has been interpreted as being tsunamigenic and the 
1945 event has tentatively been assigned as the time of deposition (Donato et al., 2008, 
2009; Pilarczyk et al., 2011; Pilarczyk and Reinhardt, 2012). It remains unclear whether 
blocks and boulders were transported by this event (see discussion in Hoffmann et al., 
2013a). 
 
4.3 Methods 
4.3.1 GPR 
GPR is a non-invasive, fast, low-cost, and precise investigation technique that uses reflected 
electromagnetic waves (Bristow and Jol, 2003; Neal, 2004). During the last years it has 
shown its potential for detecting stratigraphic architecture, layer boundaries, and sand-body 
geometry (e.g. in coastal, fluvial, lacustrine/limnic or aeolian environments), and also to locate 
and correlate sedimentary structures (e.g. bedding, faults, joints and folds in sediments; cf. 
Bristow and Jol, 2003; Neal, 2004). A dense grid of GPR data allows calculating pseudo 3D-
subsurface data (e.g. Pedersen and Clemmensen, 2005; Bersezio et al., 2007), and 
quantitative and qualitative analyses of the sediment architecture for relatively large areas can 
be quickly undertaken. During tsunami deposit surveys a shallow ground water table, or even 
sea water intrusions close to the ocean, may limit GPR measurements. This is because high 
electrical conductivities reduce penetration depths and data quality (Neal, 2004). More 
limiting factors include: uneven and/or rough surface conditions, changing lithologies/soil 
humidity within a study area, anthropogenic modification of the subsurface, and the presence 
of metallic objects or other radar wave sources. In the coastal environment of Oman good 
Ground penetrating radar facies of inferred tsunami deposits on the shores of the Arabian Sea 
(Northern Indian Ocean) 
54 
 
GPR survey conditions were encountered. The subsurface had a very low humidity due to 
the arid climate and no power lines or pipelines crossed the study area. As the 
measurements were carried out on top of a beach cliff around 5-10 m above mean sea level, 
no sea water intrusions disturbed the data. Very small grain sizes can influence the resolution 
of the GPR, e.g. high clay content in the subsurface can lead to attenuation of the 
electromagnetic waves. 
 
Fig. 4.2. Detailed overview for the study areas I (A), II (B), III (C) and IV (D; see also Fig. 4.1C) with all 
GPR profiles (red lines with corresponding number) as well as the position of three trenches and large 
blocks (see Hoffmann et al., 2013a) in study area IV. Red dashed boxes refer to subsurface model 
areas for each location (compare with Fig. 4.8). Legend is the same as in Fig. 4.1. 
GPR was used in this study to image the internal architecture of high-energy deposits. The 
focus was set on: (1) identifying the spatial distribution and the extent of the deposits; 
(2) imaging the sedimentological and geomorphological features within the sediments; and 
(3) imaging the base/palaeotopography beneath the high-energy deposits. A 400 MHz 
antenna with a SIR-3000 computer unit (GSSI) was used in this study. This antenna should 
allow for up to 4 m penetration depth under favourable conditions. A resolution of 3-7 cm 
can be achieved with this frequency, depending on the local wave velocity, so even thin 
layers can be detected. All measurements were done with a sample rate of 512 samples per 
scan. The profiles were collected parallel as well as perpendicular to the coastline (Fig. 4.2). 
Data processing was carried out by using ReflexW V7.0 (Sandmeier Scientific Software) and 
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included static correction, background removal, gain adjustments and time depth 
conversion. The latter was based on a diffraction hyperbola analysis for wave velocity 
estimation and layer picking where comparison with outcrop data and drillings was possible. 
An almost constant wave velocity of ~0.10 m/ns was encountered for the entire study area. 
Boulders and coarse gravels were detected by their characteristic hyperbolic features in the 
data. Layer picking was performed based on characteristic reflection patterns in order to 
extract information on depth and thickness of the relevant sediment units. 
A handheld GPS was used for tracking GPR profiles. Since the surface of the study area was 
almost flat, no topographic correction of the data was needed and the accuracy of the GPS 
data was sufficient. 
 
4.3.2 Outcrop studies and drilling 
Three trenches were opened in order to identify the possible fine grained high-energy 
deposits mentioned by Hoffmann et al. (2013a), and determine their distribution along the 
coast (Fig. 4.2); several drillings with an Edelmann drilling tool were conducted to trace the 
deposits. Stratigraphical description was done by analysing grain size, organic matter, marine 
macrofossil content, colour, bedding and sediment structure. Individual mollusc shells were 
collected as samples from each layer for radiocarbon dating (Table 4.1 and Fig. 4.4) in order 
to validate the stratigraphy with the geological background of this area. Dating analyses were 
carried out at “Beta Analytic Radiocarbon Dating” company. Calibration of radiocarbon dates 
was done with OxCal 4.2 software (Bronk Ramsey, 2009) using the atmospheric “IntCal09” 
and marine “Marine09” calibration curves of Reimer et al. (2009). 
 
4.3.3 Subsurface modelling 
The information from GPR and outcrop studies was combined to create a 3D subsurface 
model of the study area, focusing on the high-energy deposits. Layer data (Fig. 4.2) from 
GPR analysis was imported into Surfer 11 (Golden Software) and combined with topographic 
data to calculate area dimensions, overall thicknesses and deposit volumes. Spatial grids 
from the picked layer data were calculated with the “Minimum Curvature” statistical method in 
Surfer 11. The precision of the gridded data in x- and y-direction is between 0.70 and 1.50 
m depending on the study area. Precision of z-direction is around 5 cm in each study area 
due to GPR's precision with a 400 MHz antenna and the aforementioned gridding method. 
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4.4 Results 
4.4.1 Sedimentological characterisation of the deposits near Fins 
The geomorphological situation of the four study areas on the Gulf of Oman is dominated by 
a rocky cliff. The elevation of the study areas differs between 5 and 10 m above mean sea 
level and the surface is almost flat, due to its being an uplifted (1 mm/a) erosional platform 
(Hoffmann et al., 2013c). The coastal facies at the study site can be divided into four different 
sedimentological zones (Fig. 4.3).  
 
Fig. 4.3. (A) Schematic outline of the cliff. (B) Photograph of the deposits (viewing direction south): 
cleaned from fine to medium grain sized beach cliff sediments, subsequent boulder and gravel 
deposits a few ten of meters away from the cliff with gravel behind, sandy to fine grained deposits 
further inland. (C) Position of a 120 ton block on the cleaned beach cliff (see Hoffmann et al., 2013a). 
The cliff face is completely free from sediments due to high-energy waves, spray and wind 
eroding them away. The following zone comprises huge blocks and boulders weighing up to 
120 tons (Hoffmann et al., 2013a); Hoffmann et al. (2013a) pointed out that most of these 
boulders were tilted, toppled and overturned by transportation during high-energy events. 
Further inland from the huge boulders the cliff is covered with smaller boulders, gravel and 
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coarse grained sand. The sediment size then becomes finer inland until the sediments 
change to completely clayey. The whole grain size distribution of these deposits can be seen 
as a large-scaled fining inland sequence, like what is observed from recent tsunami impacts 
(e.g. Abe et al., 2012; Richmond et al., 2012).  
Besides the boulders investigated by Hoffmann et al. (2013a), further information on the 
subsurface geomorphology is needed to characterise the sediments as washover (and 
backwash) deposits. If the sediments have been transported and deposited by a tsunami we 
should find further evidence in the subsurface, such as channel structures or erosional 
features inside the deposits. 
 
Fig. 4.4. Log of trench 2 near Fins. The trench reveals sedimentological evidence for two high possible 
energy tsunami waves with onwash (marine composition) and backwash (mixed marine/terrestrial 
composition). Ages for each layer are given in calibrated years BP (compare with Table 4.1). Red bars 
at the base of the calibration curves illustrate 2 sigma sections, while black brackets below show 95 % 
quartile of each calibration. See main text for further explanation and discussion. 
Three trenches were excavated, which show comparable stratigraphical evidence for a high-
energy impact. Trench 2 is a characteristic example of the observed stratigraphy and is 
presented in detail in Fig. 4.4. The stratigraphy near the beach cliff is mainly dominated by 
two generations of high-energy deposits: The sequence starts with gravel (from top to 
0.10 m below surface), which is underlain by a thin layer of broken but well-rounded shells 
and gravel (0.10-0.20 m). Then a silt layer with a mixture of angular gravel, terrestrial molluscs 
and occasional marine molluscs can be found until ~0.40 m; inside this silt layer is a small 
inter-layer of platy gravel consisting of limestones (~0.28 m). Beneath the silt layer is a gravel 
layer also consisting of limestones until ~0.90 m. This contains sand, marine shell and coral 
debris and has an irregular contact at its base. Both the silt and gravel layer are from here on 
referred to as sequence A. We interpret this sequence as marine high-energy deposit 
because of their composition in combination with an erosive base and the possible 
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classification between onwash (gravel layer) and backwash (silt layer) inside the stratigraphy. 
Sequence A is subsequently followed by a further sequence of inferred high-energy event 
deposits referred to as sequence B. Sequence B contains two layers; the upper (~0.90-
1.00 m) layer (a possible backwash deposit due to mixed marine and terrestrial composition) 
contains silt as in sequence A, but also some gravel and a few marine molluscs. The 
percentage of terrestrial molluscs dominates the composition of the mixed sediments and the 
upper layer of sequence B is much smaller than in sequence A. This is possibly due to 
erosion and reworking process of the sequence A deposits. The lower layer of sequence B 
(~1.00-1.80 m); a possible onwash) is characterised by gravel, boulders, marine molluscs 
and oysters. It is a challenging task to identify if the sediments of sequence A and sequence 
B belong to one high-energy event or two different ones. In the case of one event, the total 
thickness of both layers combined is very high (~1.70 m). It is evident that the stratigraphy 
shows an unusual composition or mixture of contents from marine and terrestrial origin. 
Additionally we took samples for 14C dating from each layer (see Table 4.1 and Fig. 4.4) to 
compare the dating results with background geology and to date a possible high-energy 
impact. The ages of the samples differ extremely. The surface layer of trench 2 is around 
5840-5610 cal. BP, while dates from all the deposits below range between 37,300-42,940 
cal. BP. Within sequence A and sequence B, a small reversal of the dates is visible. This 
could point to reworking of the material and not give the age of the event. Between 
sequence A and sequence B, a small time shift is visible, but this shift is too small to divide 
the sequences in two different events. The deposits could be interpreted as different waves 
of one event, or two events containing the same deposited source material. 
Table 4.1. Radiocarbon AMS dating results of each layer. 
 
 
4.4.2 Interpretation of ground penetrating radar profiles 
Our GPR data confirm the results of the stratigraphic analyses. The main features of the 
deposits detected by GPR are illustrated in Fig. 4.5. The difference of GPR facies between 
onwash and backwash deposits of sequence A is clearly visible (Fig. 4.5; examples A and 
C). While the onwash deposits (highlighted in orange) are full of gravel and boulders, the finer 
grained, silty backwash layer above seems to have a clear horizontal layering containing very 
little gravel. The horizontal layering in the upper part of sequence A appears in all parts of the 
deposit. This seems to be unusual for a backwash deposit, but it is assumed that the 
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saturated backflow was retained in a wide flat area blocked by large blocks, boulders and 
coarse grained onwash sediments deposited by the first impact of the high-energy event 
waves along the rocky cliff (compare with Fig. 4.3). Afterwards the silty and clayey sediments 
settled in the water column like they would do in a lake. Some GPR profiles perpendicular to 
the coastline reveal inland directed ripple/foreset structures (Fig. 4.5; example B & Fig. 4.7). 
Erosional features like (internal) channel structures were partly observed in coast-parallel GPR 
profiles (Fig. 4.5, examples D and E). 
 
Fig. 4.5. Examples of GPR structures found in our data. The GPR detail is shown both processed and 
interpreted. Onwash deposits are coloured orange, while backwash sediments are coloured yellow. 
Also boulders and inner structures (e.g. horizontal layering, internal channels and ripples/foresets) are 
marked in the interpreted GPR profiles. The scale of the GPR profiles in x/y-direction is in all cases 
2.5/1. A schematic 3D image of the spatial distribution of tsunamigenic deposits in the subsurface of 
our study areas is shown in the lower part of the illustration. Black boxes with individual letters show 
the position of GPR details presented above. 
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We interpret horizontal homogeneous reflectors in the GPR profiles (see GPR profiles 166 
and 150 in Figs. 4.6 and 4.7) as the upper silt layer of sequence A. The boundary to the 
underlying gravel deposits is clearly marked by a strong continuous reflection. In other parts, 
the classification is visible due to typical hyperbolae reflections (v = 0.12 m/ns). The sandy, 
coarse clast deposits below are characterised by dozens of hyperbolae (velocities of ~0.10-
0.12 m/ns), which reflect the high gravel and boulder content. The depths of these individual 
layers fit well with the sedimentological evidence. The bedding of the basement is only visible 
in the easternmost GPR profiles, particularly in study area II (compare with GPR profile 150 in 
Fig. 4.7). Unfortunately, the target depth of around 4.0 m was not reached due to high 
attenuation caused by silt or clay. The deposits of sequence B are not visible in any of the 
GPR profiles; either sequence B is spatially limited or the data quality is poor due to high 
attenuation, especially in the southern study areas III and IV. This may be due to the high 
attenuation of the 400 MHz GPR antenna's electromagnetic waves. The attenuation of the 
electromagnetic waves in both of these study areas is relatively high inland, or clayey 
surfaces cause multiple reflection patterns. These multiple reflection patterns cover or 
influence the actual reflectors below. 
 
Fig. 4.6. GPR profile 166 from study area I. The vertical exaggeration of the GPR profiles in all cases is 
2.5. (A) Processed GPR profile with depth in TWT and metres. (B) GPR profile with marked features. 
(C) Analysed GPR profile with interpretations; yellow colours indicate backwash deposits, which are 
fine grained (silt, fine sand); orange colours indicate onwash deposits of the marine high energy 
deposits, which are mainly gravel and boulders in a silty to sandy matrix (compare with Fig. 4.4). The 
high energy deposits layer is pinching out towards inland direction. 
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Fig. 4.7. GPR profile 150 from study area II. The scale of the GPR profiles in x/y-direction is in all 
cases 1/2.5. (A) Processed GPR profile with depth in TWT and metres. (B) GPR profile with marked 
features. (C) Analysed GPR profile with interpretations; orange and yellow colours indicate onwash and 
backwash deposits as in Fig. 4.6. The thickness of the marine high energy deposits layer in this profile 
is also thinning inland. The attenuation of electromagnetic wave rises inbound by a higher clay content 
on the surface. 
In most of the GPR profiles the attenuation of the electromagnetic waves rises inbound which 
may be due to the higher clay content on the surface. This again outlines the 
sedimentological setting of the ground surface in the study areas. The examples shown in 
Figures 4.6 and 4.7, however, illustrate wedging out structures within both fine and coarse 
grained layers of sequence A. This underlines that the upper (backwash) deposit of 
sequence A was almost retained towards the beach cliff. 
 
4.4.3 Spatial distribution analysis of the tsunami deposits 
In addition to profile analyses of GPR data, the lower boundary of sequence A was visualised 
to identify further geomorphological or erosional features caused by the inflowing water during 
the inferred tsunami event. We therefore exported the identified layer boundaries from the 
GPR profiles to the Surfer 11 Software and produced a spatial grid (compare with subsection 
4.3). 
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Fig. 4.8. Subsurface elevation models of the base of sequence A event layer for each study area. The 
contour colour bar below shows the depth in metres for each base. Red outlines is maximum extend 
of GPR profiles and also the current maximum detectable tsunami run-up distances. Erosion features 
(e.g. scours, “pools”, channels, erosion mounds) as well as calculated parameters (covered area, 
volume of the deposit) are specified for each study area. Pinching out towards inland direction is 
visible in study area I. 
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The boundary surface has a complex shape in all study areas (Fig. 4.8). The main results are 
further scours, pools and channel-like structures at the lower boundary of the deposits, as 
well as a thinning-inland sequence in study area I. Most of the observed features can also be 
found in the two-dimensional GPR profiles. Study area II is too small in extent to show 
thinning inland, but six erosion mounds, four scours and two pool structures were 
encountered. Erosion mounds are remaining “islands” of fluvial erosion; however, in our case 
these were formed through the onwash process as they are situated directly under the 
detected deposit with inland directed ripples/foresets.  
In the study areas III and IV no wedging out of sequence A inland is visible. In fact the 
opposite is occurring with the boundary dipping inland at a low angle. This is not unexpected 
as further inland the deposits could not be detected due to the high attenuation by clayey 
material. We assume that the boundary rises again further inland, but we were not able to 
detect it with GPR as measurements were not undertaken further inland (illustrated in Fig. 
4.3). In study area III a coast parallel channel was imaged. In study area IV the boundary of 
the deposits rises in a southern direction, which is due its position farther away from the 
coast and the irregular trend of the coastline; study areas III and IV are on higher ground than 
the study areas I and II (Table 4.2) and have a more irregular trending coastline. There is no 
correlation between the thickness of sequence A and the mean cliff height at each study 
area (compare with Table 4.2). We know from field observations that in the study areas south 
of Fins (III and IV) there are more and larger boulders present on the cliff than in the vicinity 
north of Fins (I and II). The maximum thickness of sequence A is around 0.85 m. The mean 
thickness is around 0.30 m taking into account the thinning inland characteristics of 
deposited sediments in all study areas. Altogether we detected an affected area containing 
marine or mixed marine/terrigenous sediments of around 80,700 m2. 
Table 4.2. Parameters of the subsurface models of sequence A event layer. The maximum depth of 
the base of the layer varies between 0.53 m and 0.85 m below surface. In some cases the deposits 
may appear farther inland and have much higher inundation levels and run-up heights than shown 
here; however, these conditions cannot be checked using GPR because of the high attenuation 
caused by the clayey surface (compare with Fig. 4.8). 
 
We can calculate a minimum inundation at the coast of each study area by using the extent 
of the high-energy deposits. The minimum inundation is between 40 and 150 m, while the 
minimum run up heights are from 6 to 17 m (cf. Table 4.2) depending on the study area. 
These are minimum values because we cannot prove with our GPR data if the deposits 
continue further inland (high attenuation, data quality and GPR profile length). We were, 
however, able to detect the deposits in 68 % of the investigated areas. Future fieldwork 
should include drilling or trenching further inland to prove the extent of finer grained 
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sediments and to evaluate possible larger run-up heights or major inundations suggested by 
Hoffmann et al. (2013b). 
 
4.5 Discussion of the results 
Our results give reason for different points of discussion. High-energy deposits were 
detected each with marine and mixed marine/terrestrial composition. It is a challenging task 
to identify if sequence A and sequence B belong to one event or were formed by separate 
events. It is possible that both sequences belong to the same event, but we cannot 
distinguish this by sedimentological analysis. The sharp erosional base between both 
sequences could originate from either onwash or backwash processes. Radiocarbon dating 
supports the theory of two different events due to the time shift at the boundary between 
sequence A and sequence B. Unfortunately, other than our sedimentological evidence from 
three trenches, we have no further data confirming sequence B to be a high-energy deposit; 
GPR data did not reveal sequence B deposits in all of our study areas. 
The results of the radiocarbon dating indicate surprisingly old ages. It is possible that the 
marine sediments are older and were reworked and transported by at least one high-energy 
wave event. The reversed dates obtained in sequence A and sequence B by the 
radiocarbon dating support that theory. Radiocarbon dates of around 40,000 BP are, 
however, close to the dating range of this method and they should be proven by another 
dating method; both sequences are possibly even older than the radiocarbon dates 
indicated. The calibrated results of the radiocarbon dating are always minimum ages for the 
inferred tsunami deposit; however, as the dating was done only with shells, the possibility 
that they are reworked must be considered. 
Data for run up heights needs to be corrected for tectonic uplift/subsidence and/or sea level 
change. The former mean sea level 40,000 BP in the Gulf of Oman was minimum 60 m 
below the present-day sea level (Siddall et al., 2003). The marine deposits have, therefore, 
been transported or uplifted from their sedimentary deposition source. In the case where the 
deposits have been uplifted we would expect an uplift rate of >1.8 mm/a, which is rather 
high and in contrary to the findings of Hoffmann et al. (2013c). Estimates of uplift rates are, 
however, not well constrained in this region. Using the uplift-rate of 0.4-0.5 mm/a (Hoffmann 
et al., 2013c) in combination with the age of the inferred tsunami deposit (min. 5900 years 
BP) and the minimum run-up height of 6 m in study areas I and II, the tsunami deposit would 
have been deposited close to sea level (min. run-up ~3 m). This indicates that storm waves 
may have produced these deposits; however, this does not explain the higher run-up values 
for the southern study areas (up to 17 m). Here, wave run-up heights of up to 14 m above 
sea level would have occurred which can only have been caused by a tsunami wave.  
It is not clear which event is responsible for the deposition of the high-energy deposits in the 
study areas in northwestern Oman, as the 14C-dating of samples yielded old ages and the 
Ground penetrating radar facies of inferred tsunami deposits on the shores of the Arabian Sea 
(Northern Indian Ocean) 
 
65 
 
marine material appears to be reworked and come from offshore. The youngest age 
obtained from the upper layer supports the idea of an event before 5840 cal. BP (see Table 
4.1). To our knowledge there are currently no palaeotsunamis or deposits described for this 
period. Dating of further samples is in progress (Hoffmann et al., 2013a). 
Heidarzadeh et al. (2008a) stated a recurrence interval of ~1000 years or even less for an 
event triggered by a MW 8.3 earthquake in the Makran Subduction Zone (MSZ). In this case it 
is challenging to define a recurrence interval because we have a time gap between 
historically recorded events and the sedimentological evidence of palaeotsunamis. Further 
intensive work on tsunami deposits at this coast needs to be undertaken to improve 
recurrence interval estimates. 
GPR measurements reveal further characteristics of the inferred tsunami deposits, although 
another challenge using GPR regarding tsunami deposits is the subsurface condition itself. 
Conditions in Oman were very good for GPR; nevertheless, the extent of the deposits cannot 
clearly be defined because of the high attenuation of GPR waves inland due to rising clay 
content of the ground surface. Thinning and fining inland can, however, be another 
characteristic of tsunami deposits as shown in various case studies (e.g. Kortekaas and 
Dawson, 2007; Morton et al., 2007; Matsumoto et al., 2010; Bahlburg and Spiske, 2012; 
Naruse et al., 2012; Richmond et al., 2012; Switzer et al., 2012). Recent examples from the 
deposits of the 2011 Tōhoku-oki tsunami event in Japan also reveal that the deposition of 
sediments transported by a tsunami does not reach the maximum distance of total 
inundation level of the inflowing water (Goto et al., 2011a; Abe et al., 2012). Goto et al. 
(2011a) stated that the deposition of sediments of the Tōhoku-oki event reaches around 
62 % of total inundation. If we take this into account, the minimum inundation distance of the 
high-energy event that we investigated is perhaps 50 % times higher than predicted, even if 
the present morphological setting is different to that in Japan. Former morphology may have 
been similar considering the older ages of the inferred tsunami deposit and the terrace uplift 
rate of 0.1 mm (Hoffmann et al., 2013c). 
The backwash deposits of sequence A do not seem to have been transported back into the 
sea; otherwise we would see structures inside the deposits which indicate flowing 
conditions. There is a clear horizontal layering or lamination inside the uppermost silty deposit 
which indicates that the deposits were retained from back-flowing in small “lakes” after the 
onwash process. Perhaps some parts of the deposits have been transported back into the 
wadis, but this cannot be proven with our GPR data. Parallel laminations were also reported 
to be very common by Matsumoto et al. (2010), Richmond et al. (2012) and Switzer et al. 
(2012) in different study areas worldwide. Furthermore, cross-lamination can also occur (e.g. 
Naruse et al., 2012; Phantuwongraj and Choowong, 2012); however, this feature is not 
visible in our GPR data. Both features have to be considered carefully, particularly parallel 
lamination as it is also frequently discussed as being a typical feature of storm deposits (e.g. 
Morton et al., 2007; Choowong et al., 2008; Phantuwongraj and Choowong, 2012).  
Ground penetrating radar facies of inferred tsunami deposits on the shores of the Arabian Sea 
(Northern Indian Ocean) 
66 
 
Our findings reveal erosional characteristics like scours, channels, pools, erosion mounds, as 
well as features such as inland directed ripple/foreset structures within the deposits. Scours 
and ripples as geomorphological characteristics of tsunami deposits were also reported by 
e.g. Naruse et al. (2012) and Richmond et al. (2012). Naruse et al. (2012) report small 
tsunamigenic dunes (wavelength 1-10 m and up to 30-40 cm high) with foresets, which 
were occasionally formed by flooding or backwash during the Tōhoku-oki tsunami in 2011. 
The erosion mounds detected by using GPR are a new feature, which to date have not been 
reported in connection with tsunami deposits. Perhaps this new feature will also be observed 
in other tsunami deposits and aid in their identification. 
The complex spatial distribution of these findings may be controlled by the coastline's 
morphology itself. Irregular cliff morphology seems to create more complex erosional beds 
due to more complex wave reflection, in contrast to what a linear cliff profile would do 
(compare with Fig. 4.8). The deposition of tsunamites can be controlled by geomorphological 
features (e.g. Takashimizu et al., 2012). In all study areas the heights of the cliffs do not have 
an influence on the thickness of the deposits; however, coast parallel channels may be 
related to an angular run-up of the tsunami waves.  
The overall fining-landward sequence, beginning with the cleaned cliff (1), block and boulder 
deposits (2), coarse grained to sandy sediments (3) and finally fine grained sediments and 
clay deposits (4), indicate high-energy on-wash and subsequent deposition. The clear 
distribution of sediments may be visible due to post-event degradation and erosion (due to 
wind and wave action) of the surface (compare with. Fig. 4.3) as it is observed in recent 
examples (e.g. Szczuciński et al., 2012). 
The distribution of sediments on the surface, as well as erosional structures of the lower 
boundary and the internal architecture of sequence A revealed by GPR indicate high-energy 
deposition. Hoffmann et al. (2013a) suggested a tsunami impact on the northwestern coast 
after comparing their findings with the impact of the last two severe hurricanes in Oman. Our 
findings corroborate this hypothesis by sedimentological and geomorphological evidence. 
 
4.6 Conclusions 
Our sedimentological and geophysical investigations reveal new insights of the inferred 
tsunami deposits along the northwestern coast of the Sultanate of Oman. 
We found marine deposits containing a mixture of gravel, sand, shell fragments as well as 
coral debris and an erosive base. The material was transported and deposited by a run-up 
wave because the deposit's architecture indicates inland directed deposition as well as 
wedging out and fining inland. An overlying mixed marine and terrigenous silt layer containing 
angular gravel, terrestrial molluscs and some marine molluscs is interpreted as fine-grained 
backwash deposit, which was retained after run-up; horizontal layering corroborates the 
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retaining conditions. This layer also shows clear wedging out, and GPR data indicate fining 
inland due to higher GPR wave attenuation further inland.  
A deeper sequence of marine content with gravel and boulders is also observed; however, 
we cannot attribute this to a high-energy event as it was not detected by using GPR. 
Additionally, it is possible that the sediments (e.g. underlying marine deposits) were reworked 
during the process of tsunami landfall. 
Parallel channel structures may point to angular run-up of the tsunami waves, but could also 
originate from complex wave reflections on the high cliff, or be controlled by the 
geomorphological setting before the high-energy event occurred. In study area IV complex 
cliff morphology seems to lower the erosional forces of the high-energy wave in a southern 
direction. 
Further special characteristics such as scour marks, pools, and erosion mounds were 
observed. These features were verified by using a non-invasive geophysical investigation 
method such as GPR. Without GPR large-scaled trenching must be carried out. 
Some questions/comments remain: 
i. It is not clear whether the backwash itself flowed back into the Gulf of Oman through 
wadis in some areas. This has to be proven in further investigations. 
ii. Although we were able to calculate the extent and volume of the inferred tsunami 
deposits, these values are not comparable to other events due to the deposits full 
extent not being measured (attenuation of the radar waves into the subsurface as 
well as the size of study areas). 
 
A precise date for the inferred tsunami event deposits could not be specified, but an age of 
before 5840 cal. BP seems probable. In order to provide more accurate ages, we would 
recommend additional dating methods, e.g. U-series dating of the coral debris in the bulk 
samples may be a more accurate option due to radiocarbon dating limitation, while optically 
stimulated luminescence (OSL) dating would be effective due to the younger deposit's 
composition. However, U-series may also yield the age of the reworked carbonates and not 
the age of the event. 
Further studies should be carried out to verify our findings, especially the date of the inferred 
tsunami event, to supplement the historical tsunami catalogues and determine possible 
recurrence intervals for risk assessment in this so far understudied coastal region. 
The presented method of using GPR on tsunami deposits is possibly adaptive to other 
tsunami prone regions worldwide which have similar settings (climatic, morphologic 
conditions, etc.), e.g. Chile, parts of the southern coast of the Mediterranean (Africa) or even 
other countries situated at the Indian Ocean. 
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5 Sedimentological and geophysical 
properties of a ca. 4000 year old 
tsunami deposit in southern Spain∗ 
 
Abstract. The coastlines around the Gulf of Cádiz were affected by numerous tsunami events 
damaging infrastructure and causing countless human losses. A tsunami deposit at Barbate-
Zahara de los Atunes, Spain, is located at various heights above mean sea level and shows 
several characteristics indicative of high energy event deposition. This study uses sedimentology, 
foraminifera assemblage, magnetic susceptibility, x-ray fluorescence analysis, ground penetrating 
radar (GPR) to support an interpretation of high energy deposition and determine the deposit’s 
transport mechanisms and sediment source. Radiocarbon and optically stimulated luminescence 
dating of the tsunami deposit reveals ages of ~4000 BP and does not support the AD 1755 
Lisbon event as suggested in former publications.  
 
 
5.1 Introduction  
A tsunami is an infrequent but high magnitude extreme event that, under certain 
circumstances, can destroy coastal infrastructure and deposit diagnostic sediments. 
Studying the distribution and characteristics of (pre-) historical and more recent tsunami 
deposits improves the accuracy of tsunami hazard maps, and therefore can help protect 
humans and infrastructure along coastlines all over the world.  
Several geological hazards endanger the Gulf of Cádiz and the Strait of Gibraltar, related to 
sedimentary, tectonic and oceanographic processes (e.g. Baraza et al., 1999; Baptista and 
Miranda, 2009; Mulder et al., 2009; Álvarez-Gomez et al., 2011), all of which are capable of 
generating tsunami waves. Tsunamis can be triggered by huge submarine slumps, which 
can occur due to the complex hydrodynamical setting and result in further erosional 
characteristics. However, tsunami events in the Gulf of Cádiz are mainly triggered by major 
earthquakes occurring in several seismogenic fault and source zones (e.g. Gjevik et al., 
1997; Baptista and Miranda, 2009; Birkmann et al., 2010; Matias et al., 2013) stretching 
from the Azores in the west to the Gulf of Gibraltar in the east (Mendes-Victor et al., 2009; 
Matias et al., 2013). 
                                               
∗ This chapter is based on: 
Koster, B., Reicherter, K., 2014. Sedimentological and geophysical properties of a ca. 4000 year old 
tsunami deposit in southern Spain. Sedimentary Geology 314, 1–16. 
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The seismicity of the region is the most studied hazard because it produces tsunamis with 
the largest impacts (Gràcia et al., 2010; Álvarez-Gomez et al., 2011; Baptista et al., 2011; 
Lario et al., 2011). Tsunamis can affect a wide area when triggered near the Gulf of Cádiz; 
not only were the coasts of Portugal, Spain and Morocco affected by the devastating AD 
1755 Lisbon tsunami (e.g. Luque et al., 2002; Baptista and Miranda, 2009; Kaabouben et 
al., 2009), but also parts of the Atlantic archipelagos of Madeira, Azores and Canaries as well 
(e.g. Bryant, 2008; Baptista and Miranda, 2009).  
Matias et al. (2013) described and analysed several active fault structures in the Gulf of Cádiz 
in order to produce a generation model for strong tsunamis such as of AD 1755. The authors 
state that combined activity of active faults in the Gulf of Cádiz region results in major 
earthquake recurrence periods of around 700 years for Mw 8.0 events and of 3500 years for 
Mw 8.7 events. 
Gjevik et al. (1997) and Baptista et al. (1998) both state that the AD 1755 event originated on 
the continental shelf with an epicentre located between the Gorringe Bank and the Iberian 
coast. However, Gutscher et al. (2006, 2009) identified a subduction plane underlying an 
accretionary wedge, which may be able to generate Mw >8.6 earthquakes. 
Within the Gulf of Cádiz numerous large tsunami events have been reported which left 
deposits along the Spanish and Portuguese coast during the Holocene. These events were 
evidenced by means of geoscientific surveys (e.g. Dawson et al., 1995; Hindson et al., 
1996; Gutscher et al. 2002; Gracia et al., 2006; Kortekaas and Dawson, 2007; Lario et al., 
2011), historical written reports (e.g. Baptista and Miranda, 2009; Kaabouben et al., 2009) 
as well as based upon numerical modelling (e.g. Gjevik et al., 1997; Baptista et al., 1998; 
Gutscher et al., 2006).  
Previously, sedimentary evidence for at least one palaeotsunami within shallow percussion 
drill cores in the nearby lagoons and marshlands and at several outcrops along a beach cliff 
at the Gulf of Cádiz was found (Reicherter et al., 2010b). This present study reports the 
results of sedimentary analyses of several outcrops along the beach cliff, reference samples 
from the modern beach and the marshlands (Marismas of Barbate), and shallow percussion 
drill cores in the nearby lagoons and marshlands (see Table 5.1). The drill core analyses 
complement the outcrop evidence and together prove the occurrence of ancient tsunami 
landfall in this region. Fresh cleaned outcrops and several new features were documented 
and innovative techniques in tsunami research such as spatial magnetic susceptibility (MS) 
measurements were undertaken to produce a two-dimensional MS surface of the deposit. 
Ground penetrating radar (GPR) profiles were carried out in order to reconstruct the possible 
palaeo-extent of the tsunami deposits (cf. Koster et al., 2014). Additionally, a high resolution 
GPR antenna for scanning of outcrop walls was used in order to detect further sediment 
characteristics and to combine the results with the magnetic susceptibility measurements. 
Lastly, dating results from the tsunami deposits using both radiocarbon and optically 
stimulated luminescence (OSL) dating techniques are presented.  
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Table 5.1. Locations and individual depths of outcrops, drill cores and sampling sites (referenced to 
mean sea level) from this study and Reicherter et al. (2010b). 
 
 
5.2 The Gulf of Cádiz – study area and tsunami history  
The Gulf of Cádiz is located west of the Mediterranean Sea adjacent to the Strait of Gibraltar 
(Fig. 5.1). It is enclosed by the Iberian Peninsula to the north and the African continent to the 
south, while to the west it is open to the Atlantic Ocean. The arc-shaped northern margin is 
generally dominated by coastal lowlands following a general northwest-southeast alignment. 
The study area is located at the southeastern part of the Gulf of Cádiz, at a beach between 
the cities of Barbate and Zahara de los Atunes in the Gulf of Cádiz (Fig. 5.1A and 5.1B). The 
study area connects to the edge of the Cape Trafalgar region in the northwest where Whelan 
and Kelletat (2005) state that boulder deposits provide possible evidence of the AD 1755 
Lisbon tsunami.  
The coast of the study area is dominated by a rocky cliff which is 0.7-5.0 m high. The 
investigated tsunami deposit can be found within the retreating erosive cliff at 1.8-5.0 m 
above mean sea level. The deposit also has a variable sedimentary composition (Reicherter 
et al., 2010b). A dark brown coloured layer of gravel, sand and silt, shows a fining upward 
sequence with a palaeoflow direction towards the sea. This is due to imbricated clasts, 
which rest directly on the folded Betic substratum of Cretaceous to Eocene deposits 
(Grützner et al., 2012).  
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Fig. 5.1. (A) Overview map of the study area. (B) Location of the study area between Barbate and 
Zahara de los Atunes (Gulf of Cádiz) and drill core DC 2 (cf. Reicherter et al., 2010b; see Table 5.1 for 
further locations with coordinates in the vicinity of Tarifa from Reicherter et al., 2010b) marked with 
white circle near Zahara de los Atunes. Hemicycle-shaped tsunami propagation and continued 
tsunami landfall is marked by orange coloured arrows. (C) Detailed map of the study area; white circles 
illustrate investigated beach outcrops as well as drill core DC 7 from previous studies (cf. Reicherter et 
al., 2010b), and red boxes show the locations of ground penetrating radar (GPR) grids. Grey boxes 
illustrate houses and buildings. All coordinates are specified in UTM (Universal Transverse Mercator) 
projection; (B) and (C) are within grid square 30 S. 
The list of historically documented, recorded and sedimentary evidenced tsunami deposits 
along the Gulf of Cádiz in Portugal, Spain and Morocco includes ~37 tsunami events 
(Table 5.2; e.g. Soloviev, 1990; Luque et al., 2001, 2002; Ruiz et al., 2005, 2008, 2013; 
Morales et al., 2008; Baptista and Miranda, 2009; Kaabouben et al., 2009; Gràcia et al., 
2010; Lario et al., 2011; Rodríguez-Vidal et al., 2011a, 2011b). The number of Holocene 
tsunami deposits along the coast of the Gulf of Cádiz for which sedimentary evidence exists 
is at least at 22. There are only five events for which historically documented records can be 
matched with corresponding coeval tsunami deposits. All others were solely reported by 
historical documents or tide measurements. 
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Table 5.2. Tsunami events during the Holocene in the Gulf of Cádiz. Dark grey coloured ages relate to 
sedimentary evidenced tsunami deposits while light grey coloured event ages have been evidenced 
both by the sedimentary record and historical reports. Non-coloured data relate solely to historical 
documented or instrumentally recorded tsunami events. 
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5.3 Methods  
5.3.1 Sedimentological analysis on outcrops and auger drilling 
Surface sampling (55 samples; compare Table 5.1) from the cleaned outcrops at the cliff as 
well as several drillings with an auger drilling unit were carried out. The latter was mainly used 
to verify the ground penetrating radar wave depths and layer boundaries. Wet sieving was 
undertaken for sandy and coarser samples, and laser diffraction analysis for samples 
dominated by silt and clay fractions. The Retsch AS 200 basic sieving machine was used for 
wet sieving. For grain sizes below 2.0 mm a Beckmann Coulter LS 13320 laser diffraction 
particle size analyser was used with a detection range between 0.04-2000 µm. The samples 
were pre-treated with 10 % hydrogen peroxide (H2O2) for 24 hours for sediment 
disaggregation before particle size analyses. 
Statistical parameters were calculated after Blott and Pye (2001) from the results of grain size 
distribution. In this study sorting versus mean, sorting versus median and CM diagrams were 
used to draw conclusions on the depositional environment of the tsunami deposits.   
 
5.3.2 Micropalaeontological analysis 
The samples for micropalaeontological analysis (20 samples) were all from the inferred sandy 
tsunami deposit (see Table 5.1), except for reference samples from the modern beach and 
adjacent marshlands (compare Table 5.3). The samples were cleaned by removing 
sediments finer than 0.063 mm. The sieved samples were dried at 40°C and then analysed 
with a Zeiss Stemi DV 4 reflecting-light microscope. The classification of Loeblich and 
Tappan (1988) and Murray (2008) was used as taxonomic reference. The number of 
foraminiferal tests within all of the samples was generally low. 
 
5.3.3 Radiocarbon (14C) dating 
In 2009 several shells of Acanthocardium sp. were taken from the outcrops (e.g. BAR 06, 
Fig. 5.2) for radiocarbon dating in the Keck Carbon Cycle AMS facility at Irvine CA (USA). 
One sample (RC-BAR 04 (2A)) was taken close to outcrop BAR 04 from the top of the 
tsunami deposit below an overlying dune deposit (Fig. 5.2). Additionally, one sample of 
charcoal (RC-DC2 Zahara TL) from a layer within drill core DC 2 Zahara (location in Fig. 5.1B) 
was radiocarbon dated at GEOMAR Helmholtz Centre for Ocean research in Kiel (Germany). 
This radiocarbon sample from a clayey peat layer (2.58 m depth) was taken directly below a 
whitish sand sheet, which is interpreted as a possible tsunami deposit. 
All radiocarbon dates were calibrated with OxCal 4.2 software (Bronk Ramsey, 2009) using 
the atmospheric “IntCal13” and marine “Marine13” calibration curves of Reimer et al. (2013); 
a reservoir effect of 440 years was considered (e.g. Dabrio et al., 2000). 
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5.3.4 Optically stimulated luminescence (OSL) dating 
Two OSL samples of sand at outcrop BAR 06 were taken with metallic tubes (Fig. 5.2). Both 
samples were taken approximately 2 m apart from each other laterally and from the same 
layer. The samples have been analysed in the laboratory of the Institute of Geography at 
Cologne University (Germany) using measuring techniques after Murray and Wintle (2000) 
and a finite mixture model for equivalent dose after Galbraith and Green (1990). The OSL 
dating technique seems to be a credible tool for tsunami dating (e.g. Brill et al., 2012); 
however, this dating technique also has some limitations, e.g. the incomplete zeroing of the 
luminescence during the tsunami event is possible. 
 
5.3.5 Magnetic susceptibility (MS) measurements 
MS measurements were performed with a Bartington Instruments MS2 with MS2K sensor. 
The MS can be used to distinguish materials from different origins (e.g. Mullins, 1977), due to 
their varying content of ferromagnetic, diamagnetic or paramagnetic minerals. The MS value 
of a sample is given in dimensionless SI units (Dearing, 1994). 
Beside MS measurements with a 2 cm spacing on all outcrops, 5 cm vertical and horizontal 
grid measurements were also carried out at outcrop BAR 03 and BAR 07. The grid area was 
cleaned and smoothed before measuring the MS to avoid errors caused by surface 
contamination or weathering influences. The MS grid values were processed with Surfer 11 
software (Golden Software) and gridded with “natural neighbour” statistical gridding method 
with a resolution of 5 cm. 
 
5.3.6 Geochemical analysis 
At least one x-ray fluorescence (XRF) measurement was carried out in the laboratory on all 
bulk samples from the outcrops and additionally on all reference samples from the modern 
beach and the marshlands with a handheld XRF spectrometer (Niton XLt 700 series; error 
11 %, accuracy 97 %). Some layers were sampled at three positions from base to top. XRF 
measurements were carried out for 60 seconds for each sample which were taken from the 
cleaned outcrop surfaces (the same as used for sedimentological analysis). The XRF 
spectrometer used is able to detect 18 different elements (Sb, Ag, Sr, Rb, As, Hg, Zn, Cu, 
Ni, Co, Fe, Mn, Cr, V, Ti, Sc, Ca and K) using a Cd-109 isotope source and a SI PIN-diode 
detector.  Based on the results, the Ca/Fe- and the Ca/Ti-ratios are presented as the best 
tracers for determining different characteristics, such as the identification of marine and 
terrestrial sedimentary environments. The Ca/Fe-ratio and the Ca/Ti-ratio were calculated (cf. 
Vött et al., 2011a; Chagué-Goff et al., 2012b) to differentiate between marine and 
terrigenous components. Unfortunately, potential salinity indicators as presented by Chagué-
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Goff (2010) and Chagué-Goff et al. (2012b) could not be tested due to the limited amount of 
elements detected by the XRF spectrometer. 
 
5.3.7 Ground penetrating radar (GPR) 
Ground penetrating radar (GPR) was used for subsurface investigations. GPR equipment 
during fieldwork consisted of a GSSI SIR-3000 data recording unit, 400 MHz and 900 MHz 
antennae, a survey wheel and handheld GPS. The topography on top of the cliff where the 
GPR measurements were carried out is mostly flat. Data processing was performed with 
ReflexW V7.0 (Sandmeier Scientific Software) and included static correction, background 
removal, gain adjustments and velocity adaption for time-depth conversions.  
Measurements with the 400 MHz and 900 MHz GPR antenna were carried out with a trace 
increment of 2 cm and a sample rate of 512 samples per scan. The 900 MHz antenna has a 
higher resolution of ~0.5-2.0 cm but a lower penetration depth of 0.8-1.5 m. A resolution of 
3-7 cm and depth of up to 4 m can be achieved with the 400 MHz GPR antenna.  
The 400 MHz GPR antenna was used for scanning on top of the cliff, while the 900 MHz 
GPR antenna was used for scanning of the cliff walls. Data processing of the 900 MHz 
antenna data also includes exporting the first 2 ns (~8 cm) of each trace increment: this two 
way traveltime (TWT) corresponds to the penetration depth of the Bartington MS2 magnetic 
susceptibility sensor (5-10 cm depending on material). The results are plotted in curves, 
which are compared to the MS data. The GPR wave intensity values are given in 
dimensionless units. 
 
5.3.8 Subsurface modelling 
Based on the GPR data and its interpreted layer geometry, it is possible to reconstruct the 
raw extent of the palaeotsunami deposits in (pseudo-) 3D models. Picked layer data (of 
tsunami top and base) from the GPR profiles were processed with Surfer 11 software and 
gridded with “local polynomial” statistical gridding method. This method is based on a locally 
weighted least squares regression from a search ellipse at each individual node within the 
grid. 
 
5.4 Results 
5.4.1 Sedimentological characterisation of the outcrops 
Several outcrops can be found along the 5 km long beach section between Barbate and 
Zahara de los Atunes. Since then winter storms have eroded the beach section and exposed 
new outcrops over the years.  
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Fig. 5.2. Sedimentological analysis and interpretation of four outcrop examples from the study area (for 
location see Fig. 5.1C). The variable sedimentological settings regarding the tsunami deposit and the 
basement (weathered Cretaceous-Eocene deposits) are illustrated. The beachrocks along the cliff 
have an inferred age of MIS 5 (Zazo et al., 1999). 
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Fig. 5.3. Photographs of different geomorphological and sedimentary features along the beach cliff: 
channels (A), a clast coated mud ball (B; and detail) and two adhered clast coated mud balls inside 
the fine grained matrix of the tsunami deposit (C; and detail). 
Along the cliff is a 0.1-0.4 m thick layer containing large stones, boulders of beachrock (of 
MIS 5e and Pleistocene age; e.g. Zazo et al., 1999) as well as subangular to rounded 
sandstones of the Cretaceous/Eocene basement rock, shells (e.g. Acanthocardia 
tuberculata, Acanthocardia aculeata, Glycimeris glycimeris) and gastropods which can be 
observed in several outcrops (Fig. 5.2). Overlying this is a 0.7-1.0 m thick dark mixed sand 
layer (see Fig. 5.2). This layer contains a fining upward sequence consisting of sand at the 
base to silty sand at the top. The grain size distribution of the whole tsunami sequence is 
characterised by a trimodal distribution: the boulders at the base, the overlying sand at the 
base of the dark coloured sand layer, and the mostly sandy silt/silty sand deposits at the top 
of the tsunami deposit. The layer comprises light yellowish beach sands, a huge amount of 
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dark coloured organic material, charcoal remains, small shells and shell fragments as well as 
reworked pyrite concretions from Cretaceous/Eocene rocks.  
Both layers are described as a single graded tsunami backwash deposit (Reicherter et al., 
2010b) due to seaward imbricated clasts, channel structures (Figs. 5.3A and 5.4), a mixture 
of beach sands and organic material from the marshlands.  
An armoured mud ball or clast-coated clay clast was found at outcrops BAR 04, BAR 05 and 
BAR 07 (Figs. 5.3B, 5.3C and 5.4). This ball-shaped feature contains compacted sand, clay 
and pieces of beachrock in the inner part, while its outside is characterised by coarser clasts 
and boulders (up to 30 cm). These characteristic balls are “floating” inside the sandy tsunami 
deposit’s matrix. The diameter ranges between ~0.4 m at BAR 07 and up to ~1.2 m at BAR 
05.  
The deposits are relatively well sorted but at outcrop BAR 06 are the samples poorly to very 
poorly sorted (Fig. 5.4). If grain size and sorting are compared with the reference samples 
from the marshland and the modern beach, the samples from the tsunami layer in the cliff are 
intermediate between both.  
 
Fig. 5.4. Geomorphological and sedimentary features as well as grain size analysis and sorting 
compared to reference samples from the Marismas of Barbate (marshlands) and the recent beach 
sediments. 
  
Sedimentological and geophysical properties of a ca. 4000 year old tsunami deposit in southern 
Spain 
80 
 
Figure 5.5A is a bivariate plot of phi-values of sorting versus mean grain size. The plot of 
samples from the tsunami deposit and the marshlands are clearly divided in their fields of low 
and high energy influence (Fig. 5.5A). Unfortunately, some sorting values are below 1 and are 
not depicted in this kind of bivariate logarithmic plot. Therefore, the recent data from the 
beach cliff, the drill core data from Reicherter et al. (2010b) (drill cores from Barbate and 
Tarifa) as well as the recent examples from Szczuciński et al. (2012) were applied in a metric 
sorting versus median plot (Fig. 5.5B). Most of the samples from the cliff are in the field of 
high energy deposits, whereas reference samples from the marshlands are in the field of 
partially open to restricted estuary. The µm-values of median versus the coarsest percentile 
are plotted in a double logarithmic diagram (Fig. 5.6) to differentiate between the sediment’s 
deposition processes. 
 
Fig. 5.5. (A) Bivariate logarithmic plot of sorting (phi = Φ) versus mean grain size (phi = Φ) after Lario et 
al. (2002) and (B) bivariate metric plot of sorting (phi = Φ) versus median grain size (phi = Φ) compared 
to the characteristics of the tsunami samples of the AD 2011 Tohoku-oki event (see Szczuciński et al., 
2012). Plotted values from drill core samples taken in the vicinity of Tarifa are calculated using data 
from Reicherter et al. (2010b). 
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Fig. 5.6. (A) CM diagram of the tsunami deposit samples along the beach cliff of Barbate as well as 
reference samples from beach and marshland compared to the characteristics and transport 
mechanisms of the AD 2004 IOT (= Indian Ocean Tsunami; cf. Wassmer et al., 2010) and the AD 
2009 SPT (= South Pacific Tsunami; cf. Chagué-Goff et al., 2011); (B) CM diagram of tsunami 
samples taken in 2008 from drill cores at Barbate and in the vicinity of Tarifa (see Reicherter et al., 
2010b) compared to the recent examples of the deposits of the AD 2004 IOT (= Indian Ocean 
Tsunami; cf. Wassmer et al., 2010) and the AD 2009 SPT (= South Pacific Tsunami; cf. Chagué-Goff 
et al., 2011). 
 
5.4.2 Micropalaeontological assemblage 
The foraminiferal abundance within the modern beach samples is relatively low. Some shell 
debris, some gastropods as well as some Elphidium crispum were found but these were 
clearly reworked. The samples from the dark colored sand deposit (see Table 5.3) do not 
have as much shell debris as the reference beach samples; however, within the sampled 
deposits from the cliff several Globigerina sp., Radiolaria sp. and Elphidium crispum as well 
as a few gastropods were found. All of these species are common in marine to brackish-
hypersaline environments (e.g. Hofrichter et al., 2003; Schiebel and Hemleben, 2005). 
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Additionally, individual Pullenia sp. and Ammonia beccarii were found within the samples from 
the cliff.  
Table 5.3. Samples taken from the outcrops with sampling depth, individual type of grain size analysis 
(WS = wet sieving; L = laser diffraction) and foraminifera tests with results of micropalaeontology (SF = 
shell fragments; gastr. = gastropods; GL sp. = Globigerina sp.; EL cr. = Elphidium crispum; RA sp. = 
Radiolaria sp.; PU sp. = Pullenia sp.; AM bec. = Ammonia beccarii; TI sp. = Ticinella sp.; BI sp. = 
Biticinella sp.; RO sp. = Rotalipora sp.; HE sp. = Heterohelix sp.; GS sp. = Glomospira sp.). (CC) 
refers to coarse clasts where it was not possible to carry out wet sieving or laser diffraction. 
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The foraminiferal assemblage of the marshland reference samples has numbers of each 
poorly preserved and reworked species: several Biticinella sp., Ticinella sp., Rotalipora sp., 
Heterohelix sp., Glomospira sp. and some individual Radiolaria sp. were detected. 
 
5.4.3 Tsunami dating 
Radiocarbon dating from the study area resulted in calibrated ages mainly >36,600 years BP 
(Table 5.4), but sample RC-BAR 04 (2A) resulted in an age between 1260 and 1299 years 
BP.   
The radiocarbon age data from a sample of drill core DC 2 Zahara at 2.58 m depth (cf. 
Reicherter et al., 2010b) carried out in the tidal channel area, which is probably occasionally 
flooded (Moreno et al., 2010), resulted in a calibrated age between 5484 and 5587 BP 
(Table 5.4). This specific overlying potential tsunami deposit in drill core DC 2 Zahara was, 
therefore, deposited after 5484 BP. It is not known how much of the clayey organic-rich layer 
was eroded during deposition. 
Table 5.4. Radiocarbon dating results from different shell samples (all RC-BAR samples) from the 
tsunami deposit along the beach cliff and a bulk sample of the tsunami deposits of drill core DC 2 
(sample RC-DC2 Zahara TL) from the Zahara de los Atunes region (cf. Reicherter et al., 2010b). 
Probably sample RC-BAR 04 (2A) has been taken at the surface of the tsunami deposit to a recent 
dune. A reservoir effect of 440 years is already considered in the presented data. 
 
The OSL dating of two samples at outcrop BAR 06 gives an age of around 4000 BP for the 
deposits (BAR 06-1 selected: 4320±900 BP and BAR 06-2 selected: 3880±560 BP, 
Table 5.5). These selected dates relate to “fast component” aliquots with fast zeroing of the 
luminescence. 
Table 5.5. Optically stimulated luminescence (OSL) dating results from 2 samples of the tsunami 
deposit from study area BAR 06. 
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5.4.4 Magentic susceptibility results 
At outcrop BAR 03 three different areas can be differentiated according to their MS (see Fig. 
5.7, left). The dimensionless MS values in the contour map vary between -2 and 24. The 
upper area from 0 to -0.9 m is characterised by values of 4-10 and significantly higher values 
at different depths. The following area (from -0.90 to -1.25 m) has values of -2 to 5. The 
base of the section (deeper than -1.25 m) is similar to the upper area with moderate MS 
values. The statistical parameters of mean and standard deviation for the whole section are 
5.3 and 3 respectively. The MS values at outcrop BAR 07 are generally slightly higher than at 
outcrop BAR 03 (see Fig. 5.7, right). Characteristic values can be defined for different 
sedimentological deposits (compare Fig. 5.7, bottom right). While the sandy tsunami 
deposit’s values range from 4-11, the base of the tsunami deposit (characterised by 
boulders) has values of -2 to 5.  
 
Fig. 5.7. Spatial magnetic susceptibility measurements and amplitude analysis of the outcrops BAR 03 
(left) and BAR 07 (right) from 900 MHz antenna data. Amplitude data of the first 2 ns (equivalent 
~8 cm) were used for each trace increment (2 cm). In the background of dimensionless amplitude 
curves are spatial magnetic susceptibility measurement data illustrated for the comparison of both 
methods. Legend and statistics of the measurements are shown at the bottom of the figure. 
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5.4.5 XRF elements and ratios 
The elemental composition and ratios (see Fig. 5.8) indicate a change of material and prove 
the boundaries of the tsunami deposit although there is also a change visible between the 
boulder and the dark coloured sand layer. The heterogeneous material above the coarse 
clast layers (e.g. at BAR 03, 0.2-1.1 m) has a changing elemental composition: both Ca/Fe- 
and Ca/Ti-ratios are lowering towards the top of the sandy deposit, while the amount of iron 
(Fe) or titanium (Ti) rises.  
 
Fig. 5.8. Magnetic susceptibility (MS) line measurements compared to geochemical analysis of 
outcrop BAR 03 (top) and BAR 07 (B). All data of geochemical measurements are illustrated in Table 
5.6. 
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The XRF measurements can be used to support the results of the magnetic susceptibility 
measurements. This is due to the high amount of material composed of mineral rich 
components/elements, which is the cause of increasing magnetic susceptibility values in the 
anthropogenic or soil layers at the outcrops. Decreasing MS values in the sandy tsunami 
layers can be caused by higher concentrations of either organic or Ca-rich material. 
Furthermore, an increased amount of Ti was measured (Fig. 5.8, bottom and Table 5.6) in 
the deposits below the ancient street remains at outcrop profile BAR 07, which possibly 
explains higher MS values in this area. 
Table 5.6. Detailed results of the geochemical analysis on each individual sample. 
 
 
5.4.6 High resolution GPR profiles 
GPR data using 900 MHz antenna reveal higher intensity values in areas consisting of coarse 
material, while areas with finer grained sediments have lower intensity values (Fig. 5.7). Only 
at outcrop BAR 07 (from -0.45 to -0.80 m below ancient street remains) excursions of higher 
intensity values were measured within the sandy tsunami deposit. The intensity values are 
plotted against MS results due to comparable results: the intensity curves behave quite 
similarly as the MS characteristics but with reversed values. 
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5.4.7 Spatial distribution characteristics of the tsunami deposits 
A total of 144 GPR profiles were recorded on the beach cliff to study the internal architecture 
and spatial distribution of the tsunami deposit. Profiles were carried out parallel and 
perpendicular to the coastline to have closely spaced data (50 cm spacing) for dense GPR 
grid analysis. 
The results of this study reveal channel structures and scours in the observed stratigraphy 
and GPR data (cf. Koster et al., 2013) as well as a wedging-out of the deposit (Fig. 5.9). In 
GPR profiles near outcrop BAR 03 the coarse grained layer with boulders and subangular 
stones is characterised by some hyperbolae reflection with v = 0.10-0.12 m/ns. The tsunami 
deposits (~0.2-1.2 m) have slight horizontal reflectors, while the layer boundaries are 
characterised by stronger (mostly) continuous reflectors. The basement material, as well 
some parts the (silty) sand layer of the tsunami deposit (~0.2 1.0 m), affects the radar waves 
with high attenuation.  
 
Fig. 5.9. GPR profile recorded perpendicular to the coastline close to outcrop BAR 03: (A) processed 
GPR profile, (B) processed and analysed GPR profile and (C) interpretation of the GPR profile.   
Additionally, (pseudo-) 3D models of the layer boundaries have been calculated to evaluate 
further features (Fig. 5.10). These show that the lower boundary (~1.20 m) of the tsunami 
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deposit dips with a mean value of ~6.2° towards the coast; having a standard deviation value 
of maximum 4.9° the calculated dipping angle varies from 1.1°-11.1° (see Table 5.7). Further 
features include possible mounds (Fig. 5.10A), ancient channels (Fig. 5.10B) and the 
(eroded) palaeo ground surface of the basement (Fig. 5.10C). A possible slope failure of the 
cliff (see Fig. 5.10B) was also detected due to an abrupt change in the deposit’s basal 
depth.  
 
Fig. 5.10. Contour maps of pseudo-3D modelling of the picked GPR tsunami layers with erosional 
features close to outcrop (A) BAR 03 with location of Fig. 5.4A, (B) BAR 06 with possible slope failure 
parallel to the cliff and (C) BAR 04. (Pseudo-) 3D layer model below shows tsunami base and top 
characteristics of GPR investigations near outcrop BAR 03 (Fig. 5.10A). Parallel lines in a seaward 
direction may partially be artefacts from the input modelling data. 
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A 3D layer model of the tsunami deposit’s top and base in the vicinity of BAR 03 reveals 
further seaward-directed channel structures (Fig. 5.10, bottom). The tsunami deposit’s top 
seems to be nearly flat. 
The mean thickness of the deposits investigated with GPR is ~0.81 m, which corresponds 
with the sedimentological findings along the cliff. In the area around BAR 03 a minimum 
extent of the tsunami deposit (due to the limits of the measuring area) was detected up to 
~20 m inland (from cliff), while the minimum extent at BAR 04 and BAR 06 (also due to the 
limits of the measuring area) is 12-13 m. The aspect of the base of the tsunami deposits is 
mainly seaward-directed, although the aspect’s standard deviation is relatively high (Table 
5.7). 
Table 5.7. Parameters from the GPR pseudo-3D modeling with Surfer 11 software. The tsunami 
modeling includes the top, the base and the interlayer between the coarse cobbles/boulders and the 
fine grained upper part of the deposit. The thickness, dipping angle (slope) and aspect of the layers 
are calculated. 
 
 
5.5 Discussion 
5.5.1 Sedimentary characterisation 
The sedimentological findings of this study comprise a coarse clast layer at the base of the 
tsunami deposit composed of a mixture of beachrock from marine Pleistocene terraces 
(MIS 5; Zazo et al., 1999) and Cretaceous/Eocene rocks, beach sand, gastropods, shells 
and shell fragments of a Pleistocene lowstand beach on the shelf. Furthermore, a 
subsequent overlying sand sheet is present which consists of marine beach sand, organic 
material from the marshlands, reworked pyrite concretions from the Mesozoic rocks as well 
as a mixture of reworked and recent marine foraminifera. Armoured mud balls are “floating” 
within the sand layer. This is most likely a backwash deposit because of the mixture of 
coastal and offshore sediments and seaward imbricated clasts inside the deposit. A debris 
flow origin of these deposits can be excluded due to the young marine components and the 
sedimentary features inside the deposit. Furthermore, a debris flow deposit would most likely 
have an inverse grading (e.g. Naylor, 1980; Takahashi, 2014). Formation and deposition of 
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armoured mud balls during a debris flow can also be excluded due to the flow conditions 
being highly turbulent. The shear stress in such an event would be too high to keep such ball 
in one piece. Furthermore the concentration of suspension in a debris flow is too low 
compared to flow and transport conditions in a tsunami backwash.  
The thickness of the tsunami deposit along the cliff was investigated and compared with 
individual cliff heights and the altitude of the deposits at the corresponding locations 
(Fig. 5.4). The thickness of the tsunami deposit increases towards the middle part of the cliff 
and thins at the outer parts where the deposit was no longer detected. The cliff height does 
not exactly correlate with the thicknesses but there is a trend where the increasing cliff height 
contains a higher thickness of tsunami deposits. We interpret this as post-event erosional 
processes in a broad but shallow valley of the Barbate River northwards of the deposits. The 
spatial distribution of the deposit is limited along the cliff and is possibly influenced in a 
western direction due to the occasional flooding of an ephemeral stream, which can result in 
regional erosion. Otherwise the thickness of the deposit along the cliff is relatively high 
compared to modern examples of tsunami deposits where preserved thicknesses exceeding 
0.5 m are very rare (e.g. Morton et al., 2007; Kitamura et al., 2013). However, there are 
certain studies that report larger thicknesses of palaeotsunami deposits (e.g. Bruins et al., 
2008; Hadler et al., 2013, 2015). Large thickness of the deposit is most likely due to wave 
backwash in a hemicycle/half moon bay shape (Fig. 5.1). 
 
5.5.2 Bivariate plots of grain size statistics 
The bivariate plots (Figs. 5.5 and 5.6) indicate that the tsunami deposits from the study area 
plot in the field of a high energy setting and are comparable to recent studies (e.g. Lario et 
al., 2002; Wassmer et al., 2010; Chagué-Goff et al., 2011; Szczuciński et al., 2012). The 
mean versus sorting diagram is well suited for this study for two reasons: firstly, it was 
applied by Lario et al. (2002) using samples from the same region (the Gulf of Cádiz) with a 
likely comparable setting, and secondly it includes characteristics for storm, fluviatile and 
tsunami deposits.  
All samples from tsunami deposits cluster in the zone of fluvial and storm episodes/tsunamis. 
The reference samples from the marshlands plot in the low energy area of partially open to 
restricted estuary due to their flooded marshland character. The metric Steward’s diagram 
uses a sorting vs. median plot (applied by Szczuciński et al. (2012) on tsunami deposits). 
Our samples are not distributed as the AD 2011 Tohoku-oki deposits, but do show similar 
characteristics (Fig. 5.5B). Moreover, the plotted reference samples indicate a mixture of 
both beach (marine) and marshland environments. 
In the CM diagram all samples from the tsunami layer and the reference samples from the 
beach are located in high-energy depositional zones, whereas the marshland samples are 
located in low-energy zones (Fig. 5.6). The data plot is comparable to present studies on 
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modern tsunami deposits (e.g. Wassmer et al., 2010; Chagué-Goff et al., 2011; Szczuciński 
et al., 2012) identifying tsunami deposits by their transport mechanism. 
Three samples from the Tarifa region of Reicherter et al. (2010b) show rolling deposition 
characteristics, which Cuven et al. (2013) attribute to deposits of the AD 1755 Lisbon 
tsunami. Regarding the CM diagram, the tsunami samples possibly represent a strong 
bottom current as tsunamis have very high velocities for run-up (10-20 m/s; Dawson and 
Stewart 2007) and backwash flow (e.g. Bryant, 2008). 
 
5.5.3 Micropalaeontology 
The study of microfossils shows that the amount and number of species is relatively low. 
Most of the foraminifera in the beach reference samples and the tsunami deposit at the cliff 
are typical of a nearshore environment. Elphidium crispum, Pullenia sp. and Ammonia 
beccarii indicate a marine source of the dark coloured sandy (tsunami) deposit at the cliff. 
While Globigerina sp. and Radiolaria sp. are common in the Tertiary/Mesozoic rocks and, 
therefore, are reworked.  
The marshland reference samples show an extended spectrum of species. Some of them 
(poorly preserved Biticinella sp., Ticinella sp., Rotalipora sp., Heterohelix sp. and Glomospira 
sp.) are reworked from Cretaceous sediments from the hinterland (e.g. Grützner et al., 2012) 
and transported into the marshlands by the Barbate River.  
During a tsunami event the transport of foraminifera can occur, which possibly results in 
reworked or broken specimens (e.g. Chagué-Goff et al., 2012b). Post-tsunami processes 
within the deposits can lead to foraminifera breakage and dissolution, either partly or 
completely (e.g. Mamo et al., 2009; Yawsangratt et al., 2012). Hawkes et al. (2007) also 
reports the absence of very small species/foraminifera (such as it was found in the 
marshlands) within tsunami deposits. 
 
5.5.4 Interpretation of MS in combination with high resolution GPR 
profiles 
Higher values of MS can be explained by higher mineral content probably related to reworked 
Cretaceous ferromagnetic pyrite concretions within the deposits. The topsoil shows higher 
values than the values present in BAR03 due to anthropogenic influence or terrigenous input 
(e.g. clay minerals) and pedogenesis (e.g. Mullins, 1977). The topsoil MS has similar values 
to the underlying sandy silt/silty sand sequence. The soil as well as the first few centimetres 
of the sand layers are affected by root bioturbation and organic matter which modifies the 
mineral content. Another factor that increases the MS values is the migration of washed out 
elements/element compounds from anthropogenic material (here possibly: Ti) as it is present 
in the ancient street remains at outcrop BAR 07.  The boulders at the base of the tsunami 
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layer are dominated by diamagnetic materials such as shells, beachrock fragments and 
quartz/calcite pebbles, which cause low MS values.  
In summary the tsunami deposit consists of silt, sand and boulder/gravel (from top to base) 
with an abrupt change of MS values at the boundary between sand/silty sand and gravel. 
The layer boundary between the tsunami deposit and the basement is characterised by a 
small change of MS values from 2 to 6.  
The use of GPR profiles parallel to the outcrop walls was chosen to compare results with MS 
data, as homogenous magnetic mineral content of the deposit can affect both methods (MS: 
higher values; GPR: higher attenuation of electromagnetic waves). In areas of low MS values 
the GPR wave intensities are high and in areas of high MS values the GPR wave intensities 
are low. At outcrop BAR 07 the sandy tsunami deposit shows higher intensity values, 
because the sand contains reworked pyrite concretions (e.g. Daniels, 2004; Neal, 2004). 
XRD measurements for sediment mineralogy are recommended for future investigations.  
 
5.5.5 Possible spatial distribution of the palaeotsunami deposit 
3D modelling of the tsunami top and base from 2D-GPR data (Fig. 5.10) supports landward 
thinning/wedging out of the tsunami deposit, which is a common characteristic of tsunami 
deposits (e.g. Morton et al., 2007; Abe et al., 2012; Koster et al., 2014). Channels and 
scours (formed by tsunami or already existing) have also been observed by recent tsunami 
deposits (e.g. Matsumoto et al., 2010; Goto et al., 2014). The aspect data have high 
standard deviations, which are mainly due to complex geomorphological features at the base 
of the tsunami deposits; however, the main direction of seaward dipping is evidenced in the 
GPR data.  
Based on the spatial distribution parameters and the recent findings, we reconstruct the 
former spatial distribution of the tsunami deposit. For such a model we considered the 
statistical parameters obtained from the GPR measurements with the sea level change within 
the last 4000 years (see Fig. 5.11). 
 
Fig. 5.11. Predicted original extent of the tsunami deposit using our results of recent tsunami deposit 
architecture, drilling results, and the sea level from 4000 BP when the tsunami event was triggered. 
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The data presented here indicate a relatively thick deposit compared to modern examples of 
tsunami. The thickness of the tsunami deposits can be explained by the possible 
hemicycle/half moon bay shaped wave landfall and that the backwash would have been 
simultaneously blocked by the increased water level (Fig. 5.1). Cheng and Weiss (2013), 
Goto et al. (2014) and Sugawara et al. (2014) stated that a tsunami deposit’s thickness, as 
well as the inundation depth, is controlled by several individual factors (e.g. morphology, 
offshore/onshore slope, available moveable sediment, backwash intensity) and is not only 
dependent of the power of tsunami landfall. The deposits are detectable in various places 
and not as a connected layer all over the coastal region, which is most likely due to post-
event erosion (e.g. Szczuciński, 2012; Spiske et al., 2013). 
 
5.5.6 Tsunami deposits related to a ~4000 BP event? 
Dating of the tsunami deposits is challenging due to the reworking and transport of 
sediments from other places. Calibrated ages from the radiocarbon dating of shells within the 
tsunami deposit resulted in ages of >36,000 BP. This is critical due to two reasons: (1) 
yielded ages are at the detection limit of the 14C-dating method, which is around 40,000 
years and (2) if an age of >36,600 BP is accepted, then one also have to take into account 
that the sea level in this last glacial period was approx. 60 m lower than it is today (e.g. 
Siddall et al., 2003). The deposits represent reworked beach deposits. This would also imply 
a younger age for the tsunami event. The young age between 1260 and 1299 years BP 
comes from sample RC-BAR 04 (2A). This sample was taken at the interface with an 
overlying dune, which most likely does not relate to the tsunami event. Therefore, the 
investigated tsunami deposits at the cliff are attributed to tsunami occurrence before ~1300 
years BP. 
Combined data from the radiocarbon age of drill core DC 2 Zahara (see Reicherter et al., 
2010b) and the presented OSL datings from the tsunami deposits at the cliff indicate that the 
sediments (from the drill core Zahara DC 2) were deposited later than 5484 BP and a 
possible event age of ~4000 BP for the tsunami deposits in the cliff. It is still unclear whether 
the deposits at Zahara de los Atunes and Barbate belong to the same event, although the 
overall characteristics are similar. 
If comparing the altitude of the deposit with the event age of ~4000 years and the mean uplift 
rates of 0.15 mm/year (e.g. Zazo et al., 1999) it becomes clear that the deposit was situated 
only 0.6 m lower at time of deposition than at present and, therefore, was situated a few 
metres above mean sea and mean tide level.  
The age dating fits well with the Holocene tsunami catalogue of Lario et al. (2011); two 
possible events are described between 4000 and 5000 BP. The younger event was 
evidenced by Ruiz et al. (2005). They found deposits from a 4200 BP tsunami event in the 
Doñana National Park at the Gulf of Cádiz. Baptista and Miranda (2009), Gràcia et al. (2010) 
Sedimentological and geophysical properties of a ca. 4000 year old tsunami deposit in southern 
Spain 
94 
 
and Lario et al. (2011) report that the older event took place around 5500-5000 BP. This 
event has to date not been detected along the coast between Conil and Algericas. 
According to the large error in the OSL dating method of ~1000 years it is suggested that 
both candidates could be the causative event or both events represent only 1 event due to 
error in dating. 
The absence of older and younger tsunami deposits in the study area may underline this 
theory: geomorphologic, tectonic and erosion-related changes after successive (palaeo-) 
tsunami events along a highly variable coast possibly mix the signature of the events or even 
totally erode it. The tsunami deposits near Tarifa described by Reicherter et al. (2010b) have 
not been dated up to now, but dating results from Cuven et al. (2013) from the same area 
indicate that the deposit belongs to the AD 1755 tsunami. Furthermore, Whelan and Kelletat 
(2005) describe medium to very coarse boulders at Cape Trafalgar close to Barbate beach 
attributed to the AD 1755 event. 
 
5.6 Conclusions 
It is most probable that remains of a ~4000 BP old tsunami deposit which affected the 
Atlantic coast of Andalucia have been discovered, as found in other places along the coast, 
and not the AD 1755 Lisbon tsunami as suggested in Reicherter et al. (2010b). 
This study reveals further details on the tsunami deposits in the vicinity of Barbate: the 
occurrence of clast coated mud balls with diameters between 0.4 m and 1.0 m. Beside an 
extended investigation on the sedimentology of several outcrops and reference samples, 
their grain size characteristics and bivariate plots, new features of palaeotsunami deposits are 
also presented from magnetic susceptibility and ground penetrating radar investigations.  
Spatial magnetic susceptibility measurements can help to separate different horizons and 
identify the tsunami deposits from the surrounding sediments/soils. Combining this method 
with wave-reflection intensity from GPR on outcrop walls is a promising method. (Pseudo-) 
3D subsurface models of the tsunami base and top by means of GPR data reveal 
geomorphological properties of the tsunami deposit. 
In addition, this study shows that classical methods in palaeotsunami research, such as 
microforaminifera analysis and geochemical proxies, can be challenging and the outcome 
may be not significant as previously assumed. Only a combination of diverse methods using 
an advanced toolkit can provide evidence for high-energy deposits.   
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6 Resume 
 
This thesis provides three different approaches to investigate tsunami deposits. These were 
carried out on western Peloponnese (Greece), the shores of Oman and the Gulf of Cádiz 
(Spain). The example from Greece nicely demonstrates the challenges and limitations of the 
classical tsunami proxies-toolkit, and in the Oman study GPR was carried out to test this 
method concerning the extent and the internal architecture of palaeotsunami deposits. The 
study at the Gulf of Cádiz illustrates a combined approach of both classical and modern 
investigation techniques on tsunami deposits. Some limitations in this field of research were 
revealed, as well as new techniques (GPR on outcrop walls, combined approaches) which 
may be interesting for future studies. The main outcomes of the studies are summarised 
below. 
The conclusions of the study in three different environments along the coast of western 
Peloponnese (Greece) prove tsunamigenic deposits in the Kaiafas Lagoon as well as a 
conspicuous layer in the Agoulinitsa peatland, which cannot be directly linked to tsunami 
occurrence. The tsunami deposits in the Kaiafas Lagoon were correlated by means of drill 
core transects and dated by radiocarbon dating methods which yielded a probable age 
between AD 540 (1410 BP) and minimum AD 1274 (676 BP) for a minimum of one event. 
The calibrated ages match with several events stated by Vött et al. (2011a), Hadler et al. 
(2015) and Willershäuser et al. (2015b). The Kaiafas Lagoon has been active since minimum 
~1325 BC (~3274 BP). Sandy layers in the vicinity of Kakovatos can be attributed to dune 
sediments because of their internal structures shown in the GPR data. Furthermore, this 
study shows the limitations of preservation in three different archive types, as well as the 
opportunities and challenges of the methods undertaken. Either, the older the (former) lagoon 
the more challenging is it to detect palaeotsunami deposits or their state of preservation is 
poor.  
The study carried out in the coastal area near Fins (Oman) supports the idea of inferred 
tsunami deposits along the rocky cliff. Trenching results illustrate high-energy event layers 
and radiocarbon dating yielded probable event ages before 5840 cal. BP. This is the first 
dated palaeotsunami deposit along the coast of Oman. It is possible to detect the internal 
architecture of the inferred high-energy deposits as well as the spatial distribution (also 
pseudo-3D subsurface models of tsunami morphology) using GPR. Similar structural 
characteristics were presented in studies of most recent tsunami events (e.g. Naruse et al., 
2012; Richmond et al., 2012). Furthermore, Mottershead et al. (2014) present similar grain 
size distribution characteristics of tsunami deposits from the Maltese Islands coast. The GPR 
investigation on palaeotsunami deposits provides new insights regarding the thickness, the 
spatial distribution and the internal architecture of (palaeo-) tsunami deposits in comparable 
tsunami prone regions worldwide (e.g. Chile, northern African coast, the Mediterranean, etc.).  
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Beside the new features and methods, the presented study along the southeastern part of 
the Gulf of Cádiz (Spain) also complements and expands the former results of Reicherter et 
al. (2010b). The study introduces a new feature: the tsunamigenic clast-coated mud ball or 
armoured mud ball, which until recently was not known as a tsunami deposit characteristic. 
The proof for the deposit along the beach of Barbate having a tsunamigenic transport 
mechanisms and mixed marine and coastal sediment source is given by sedimentological 
investigations, grain size characteristics and bivariate plots showing similar characteristics as 
some other publications on (modern) tsunami deposits. Furthermore, the application of 
spatial magnetic susceptibility combined with high resolution ground penetrating radar on the 
outcrop walls reveals interesting and promising insights regarding both innovative methods. 
Characterisation by these methods should also be applied in other studies to compare the 
outcomes. GPR investigations under Mediterranean climatic conditions have some limitations 
regarding the data quality. Data quality was mainly influenced by the high amount of silt within 
the topsoil and ground moisture within the upper part of tsunami deposits, which attenuates 
the electromagnetic waves. However, it was possible to detect and prove the spatial and 
geomorphological characteristics of the tsunami deposit as well as calculate the dip angle 
and aspect of the layers, which helps reconstruct the former distribution of the tsunami 
deposit. The dating approach within this study clearly indicates that using different dating 
techniques (here: 14C and OSL) is beneficial. The event age can be linked to an event most 
likely around 4000 BP, which is also stated by Lario et al. (2011), and before ~1300 BP.  
The conclusions of the studies presented within this thesis help to answer the questions that 
arose at the beginning of the research. The following chapters will try to shed light on these 
questions. 
 
6.1 The identification of palaeotsunami deposits 
Opening questions: Can palaeotsunami deposits be identified by the present scientific 
methods/proxies without any doubt? If not, what are the limiting factors? 
It is, in general, challenging to identify tsunami deposits due to several reasons. Firstly 
tsunami deposits are widely scattered because of different processes such as reworking, 
erosion, degradation, etc., as well as geomorphological influences (see subsection 6.2). 
Furthermore, the composition of tsunami deposits is highly variable and their preservation 
(even transported by the same event) often significantly varies within some kilometres (e.g. 
Brill et al., 2014). The frequently cited catalogues of features and characteristics of tsunami 
deposits do not always fit with the investigated sediments, or the deposits may have been 
(re-) transported by other (high-energy) events.  
The failing of tools/methods in a specific environment (e.g. XRF analysis due to heterogenous 
tsunami deposits or missing/dissolved foraminifera) or the biased interpretation of results is a 
frequent error which occurs in palaeotsunami studies. Moreover, sometimes storm deposits 
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might be misinterpreted as tsunami deposits due to similar characteristics; chapter 6.3 
discusses how the recent methods/tools are suitable or limited to tsunamite identification. 
However, tsunami deposits can be identified without any doubt if there is enough evidence 
proving an event deposit compared to the background stratigraphy. This should be done by 
several methods and the outcomes should be discussed carefully. Only multiple 
identifications of tsunami characteristics or features allow tsunami occurrence to be correctly 
inferred. Therefore, it is not astonishing that poor discussions on inferred tsunami deposits 
regarding their origin and their state of preservation within scientific publications may lead to 
contrary points of view among scientists or the public. Coherent proof of tsunami 
deposits/events is required to avoid misinformation and loss of trust in tsunami research.  
 
6.2 What is an excellent palaeotsunami archive?  
Opening questions: What is an excellent palaeotsunami archive and how does the 
environment influence the type of deposits? What are the factors affecting the preservation of 
palaeotsunami deposits? 
Before discussing what the perfect palaeotsunami archive is, there are three main factors 
which are linked to the archiving of tsunami deposits: the source and type of sediments 
deposited, the post-event erosion, and the time of deposition within a coastal region.  
Within the presented studies, earthquakes are suggested to be the main triggers of the 
tsunami events and their associated deposits; however, to date the question as to how far 
different sources of tsunami waves possibly affect the distribution of tsunami deposits is 
largely unexplained. Large fault ruptures triggering high magnitude earthquakes often result in 
widespread tsunami events which can reach coastal areas even in different continents; e.g. 
the AD 2004 IOT (e.g. Goff et al., 2006b; Jaffe et al., 2006; Okal et al., 2006). In contrast 
landslides often cause tsunami waves which only affect coasts on a regional scale, but there 
are also big slumps/slides that cause widespread damage; e.g. the ~8200 BP Storegga 
slide event (Dawson et al., 1988; Bondevik et al., 1997, 2005, 2012) or the eruption of 
Santorini in Minoan times which causes extensive destruction by tsunami waves (e.g. Bruins 
et al., 2008; Goodman-Tchernov et al., 2009). Dawson and Stewart (2007) suggested that 
the tsunamigenic potential of slides is low due to the shorter wavelength of the affecting 
tsunami waves, and therefore these events are mostly localised in contrast to earthquake-
induced tsunamis. 
The studies presented in this thesis were undertaken in diverse environments: flat coastal 
areas with coastal lagoons, lakes, peat- or marshlands and rocky cliffs. Just like these 
archives, the type and size of deposits also varies as shown in the case studies. The 
composition of deposits can consist of only sand, or a complete mixture of sand, silt, clay 
and boulders. The source of sediments/materials which are transported and deposited inland 
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is the main factor to be determined in palaeotsunami studies. As shown in modern 
examples, e.g. by Szczucínski et al. (2012) and Putra et al. (2013), the AD 2011 Tōhoku-oki 
event deposits basically do not consist of marine sand but of terrigenous clays over a large 
extent. These extensive deposits will, however, most likely be eroded within the next 
decades due to intense anthropogenic influences; natural erosional processes have a 
smaller influence. In this case only lagoons or lakes may be good archives to “preserve” and 
further investigate tsunami deposits. However, the AD 869 Jōgan tsunami event deposits 
were found broadly distributed in the same region although many sedimentological and 
geomorphological factors make a direct comparison of both tsunami events challenging (e.g. 
Minoura et al., 2001, Sugawara et al., 2012). Moreover, the anthropogenic influence on the 
deposits from AD 869 was not as high as on the more recent tsunami deposits from the 
AD 2011 Tōhoku-oki event. 
Generally, tsunami deposits have a low preservation potential due to high-energy coastal 
regimes and their own reworking behaviour (Dawson and Stewart, 2007). Spiske et al. 
(2013) found out that sediment type, grain size, depositional setting, co-seismic movement, 
bioturbation, winds and anthropogenic modification are responsible for the grade of 
preservation of deposits. Moreover the authors stated that beside fluvial and aeolian 
processes, co-seismic uplift can have an influence on preservation. In their case study the 
co-seismic uplift by the earthquake that triggered the tsunami waves was not enough to 
prevent ocean waves from removing the deposited tsunami sand sheet which had mantled a 
coastal marsh.  
Another widely accepted study by Szczucínski (2012) shows that after less than 10 years 
most of the AD 2004 IOT deposits in mangrove areas have been reworked by bioturbation. 
In most coastal plains investigated by Szczucínski (2012) the tsunami evidence has been 
disturbed by soil formation, erosion and human activity. The strong anthropogenic influence 
on landscapes and environments at present will have an immense impact on the future 
absence of most recent tsunami deposits. Otherwise, the erosion and conservation of 
palaeotsunami deposits is most likely controlled by aeolian or fluvial processes. Moreover, 
ancient harbours and even cities were often abandoned after hazardous impacts such as 
tsunamis so that further anthropogenic influence is not present (e.g. Bruins et al., 2008; 
Hadler et al., 2013, 2015). Therefore, the conclusion is that the archiving of palaeotsunami 
deposits is mainly controlled by natural post-event processes, while the distribution is most 
likely controlled by geomorphological/topographical setting and tsunami wave run-up (e.g. 
Putra et al., 2013; Koster et al., 2014). Also, the refraction of tsunami waves as well as the 
relief of the near-shore bathymetry can influence the deposits’ distribution (Brill et al., 2014). 
Dawson and Stewart (2007) as well as Brill et al. (2014) underline this in their studies and 
state that that coastal evolution processes have a high influence on the palaeotsunami 
deposit’s state of preservation in their various archives. 
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In summary there are several processes and circumstances that can affect the distribution 
tsunami deposits:   
i. The trigger of the tsunami wave (earthquake, landslide, etc.) which affects the extent 
and power of tsunami (e.g. Dawson and Stewart, 2007) 
ii. The refraction of tsunami waves along a coastal area as well as offshore bathymetry, 
inland topography and morpholocial setting (e.g. Putra et al., 2013; Brill et al., 2014; 
Koster et al., 2014) 
iii. The reworking behaviour of the tsunami which affects the deposited material 
(Dawson and Stewart, 2007) 
iv. The type of sediments (prone to erosion and transport) which are deposited (Spiske 
et al., 2013) and their grain size (Szczuciński, 2012) 
v. Possible co-seismic uplift due to the tsunami triggering earthquake event which may 
help preserve the tsunami deposits by inhibiting further wave action and erosive 
coastal processes (Spiske et al., 2013) 
vi. Coastal evolution processes (e.g. predominant transport processes, weathering, sea 
level variations and/or tectonic activity; e.g. Brill et al., 2014) 
vii. Post-event changes of tsunami deposits (e.g. by bioturbation, aeolian or fluvial 
processes as well as anthropogenic influences) which affect the spatial distribution 
causing the reconstruction of palaeotsunami deposits to be challenging (Szczuciński, 
2012) 
viii. Erosion or transportation by further hazardous events like large storms, hurricanes, 
flooding, etc. 
 
As a result the presence of geological or sedimentary palaeotsunami records is dependent 
on the deposition and preservation of tsunami deposits controlled by the aforementioned 
factors and the existence of suitable coastal geoarchives.  
Coastal flatlands without any (palaeo-) topographic depressions are widely exposed to 
different kinds of erosional processes, and therefore it is challenging to detect tsunami 
deposits in such an environment. The preservation potential of tsunami deposits in this 
environment is, if at all, only sporadic. Furthermore, multiple tsunami landfall (as well as high-
energy events such as large storms or hurricanes) in a short period can possibly mix or even 
erode older deposits. 
Offshore/submarine tsunami deposits are hard to find due to the poor preservation potential 
by erosion and degradation caused by a number of coastal processes. Submarine archives 
are, therefore, not suitable for the preservation of tsunami deposits, although there are 
studies presenting these kind of deposits (e.g. Cita and Aloisi, 2000; Ikehara et al., 2014). It 
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is also easy to misinterpret submarine slumps as tsunami backwash deposits as presented 
by Spiske et al. (2014). 
Suitable archives include coastal lakes or lagoons; here the sediments are bedded within the 
regular clay or peat deposits after deposition (e.g. Minoura et al., 1994; Bondevik et al., 
1997; Goff et al., 1998, 2001) and are protected against aeolian processes. In regions 
where periods of high temperatures have resulted in extreme water-level changes, in rare 
cases the deposits may be exposed to natural post-event erosion. However, these 
environments seem to be one of the best fitting archives for palaeotsunami deposits. 
Marshlands are also referred to as good archives for the preservation of tsunami deposits 
(e.g. Atwater and Yamaguchi, 1991; Minoura and Nakaya, 1991; Williams and Hutchinson, 
2000; Peters et al., 2007; Reicherter et al., 2010b). In this environment it is also possible to 
preserve tsunamigenic sand, silt or clay as well as boulders (if available from sediment 
source). On the other hand the preservation conditions within a marshland can be highly 
variable due to direct marine influences and coastal evolution in certain areas. Furthermore, 
the example from Agoulinitsa peatland in Greece (chapter 3) illustrates that a high 
anthropogenic impact on near-coast former marshland may influence the possible archive. 
Rocky coasts often have a cliff which tsunami waves have to reach to distribute their 
sediment load. Depending on the source material it is possible to deposit sand, silt clay as 
well as boulders and even blocks. Often boulders and blocks are reported to be 
tsunamigenic in such environments (e.g. Engel and May, 2012; Hoffmann et al., 2013a; 
Mottershead et al., 2014). The lack of smaller gain size deposits is not surprising as rocky 
ground and scarce vegetation allow the tsunami deposits to be exposed to wind and 
occasionally precipitation or flooding. Aeolian processes are responsible for the absence of 
sandy tsunami deposits while cohesive clay is not affected by this process due to adhesive 
forces of the clay particles (Spiske et al., 2013). In the presented study from Oman the 
setting is optimal to preserve all types of deposits, although the upper parts of the deposits 
appear to be eroded. Therefore, this kind of archive is also recommended for future tsunami 
investigations, although various influences on the inferred tsunami deposits have to be 
discussed. 
Co-seismic uplift or subsidence can affect the preservation potential of these archives for 
better or worse (e.g. Spiske et al., 2013). This topic has at present not been thoroughly 
investigated compared to other study areas, but should be considered in every study on 
tsunami deposits.  
Generally, palaeotsunami deposits had an even wider spatial distribution than we can now 
identify. The preserved palaeotsunami deposits probably indicate only the minimum area of 
inundation (Sugawara et al., 2008). A spatial reconstruction of the deposits as shown in the 
study from Spain (chapter 5) may be a good tool to calculate run-up distances or heights. 
Recent studies illustrate that the distribution of tsunami deposits can reach only 62 % of the 
complete tsunami inundation (e.g. Goto et al., 2011a; Abe et al., 2012), which possibly 
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results in strongly underestimating the intensity of palaeotsunami events detected by their 
deposits. 
 
6.3 Is there an advanced proxy toolkit for palaeotsunamis? 
Opening questions: “Which methods/proxies are most suitable in the different climatic, 
geomorphological, sedimentological/geological settings concerning palaeotsunamis? Is there 
an advanced proxy toolkit for palaeotsunamis?” 
The characterisation of palaeotsunami deposits strongly depends on the state of the 
deposits, their age and the archive where the tsunami deposits were preserved. The results 
of methods carried out are also controlled by these factors and other ground conditions (e.g. 
moisture, mineral content, etc.) as shown in the studies within this thesis. Moreover, 
misinterpretation of palaeotsunami deposits is possible (e.g. Spiske et al., 2014), which may 
be due missing standardised investigation procedures and toolkit on palaeotsunami 
deposits. Some main methods and their challenges will now be discussed and finally an 
advanced toolkit will be presented. 
Physical criteria to distinguish tsunami deposits by means of grain size analyses are often 
described in publications (e.g. Kortekaas and Dawson, 2007; Morton et al., 2007; Tappin, 
2007), but single characteristics such as fining upward sequences or rip-up clasts within the 
stratigraphy does not on its own prove tsunami occurrence. Sometimes characteristics are 
common both for tsunami and storm deposits: the tsunami deposits of the AD 2004 IOT are 
often reported to have clear lamination (e.g. Srinivasalu et al., 2007; Srisutam and Wagner, 
2010; Switzer et al., 2012), which is in contrast to catalogues with listed “tsunami versus 
storm” characteristics (e.g. Kortekaas and Dawson, 2007; Morton et al., 2007; Lario et al., 
2010). Some studies attribute these laminations to the process of multiple inundating waves 
(e.g. Dominey-Howes et al., 2006; Switzer et al., 2012). However, the variation in grain size 
and the grain size characteristics are key parameters to identify palaeotsunami deposits 
because of their availability in all potential palaeotsunami archives. Grain size characteristics, 
e.g. shown in the study near Barbate (Spain), can also be used to derive the depositional 
processes of a palaeotsunami (e.g. Jaffe and Gelfenbaum, 2007; Spiske et al., 2010). 
Tests of the foraminifera assemblage in the study area of Spain (chapter 5) does not indicate 
a clearly remarkable change of species, which would help to characterise the sediments to 
be of tsunamigenic origin. However, a mixture of reworked and modern marine foraminifera 
was found. Challenges regarding the detection of palaeotsunamis only by means of XRF 
analyses were also reported in this thesis due to the heterogenous mixture of the transported 
material within the tsunami deposit. Fossil and fauna tests as well as geochemical analysis 
on tsunami deposits, therefore, should be seen as a secondary tool after grain size analysis 
and characterisation. The same applies for the geophysical investigations; geophysical 
methods, such as GPR and ERT, are an additional tool beside the sedimentary investigations 
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and primarily help to detect the extent, spatial variations and internal features of the event 
deposits. 
Beside the sediment archive, the climatic conditions should also be considered; in particular, 
geophysical in-field measuring techniques such as GPR or in rare cases MS (which is also 
applicable on drill cores in the lab). These techniques are mainly suitable for arid or semi-arid 
environments due to their geophysical properties. A high ground water level or even sea-
water can affect GPR measurements on tsunami deposits (e.g. Koster et al., 2013); 
however, ERT measurements can be carried out in humid regions.  
Generally, all the aforementioned techniques are adaptable for other studies on 
palaeotsunami deposits, while the results may vary due to different geological, 
sedimentological or morphological setting. In particular, the dating methods depend on the 
sedimentary composition of the tsunami deposit. However, only when using a combination of 
several methods, and a detailed comparison between the outcomes of these, a clear 
evidence for palaeotsunami deposits can be determined.  
Based on this knowledge it is possible to assign different techniques/methods/tools to the 
suitable archives of palaeotsunami deposits (Table 6.1). This should be seen as a possible 
advanced toolkit for palaeotsunami investigations, while the number of methods and datings 
carried out is highly dependent on the availability of equipment, time and money. However, 
this advanced toolkit can support the choice of methods, their order of usage and the choice 
of proxy combinations regarding the aims of the individual study. 
Table 6.1. Recommendation for a possible advanced toolkit for palaeotsunami investigations with 
primary, secondary and additional methods. 
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6.4 GPR as a future method 
Opening questions: “Is ground penetrating radar (GPR) an appropriate tool to identify the 
spatial distribution of palaeotsunami deposits, and is it possible to prove the internal 
architecture of palaeotsunami deposits with this non-invasive investigation method? Are 
recently observed spatial features of modern examples comparable to those detected by 
GPR in palaeotsunami deposits? Do these recent examples help identify palaeotsunami 
deposits?“ 
The method of using GPR on palaeotsunami deposits is relatively young but useful and very 
promising. There are some major pros and cons for this method (Fig. 6.1). Generally, it is 
possible to cover large areas in a short time using GPR. Detailed 3D surveys are also an 
option using this method. However, error sources of the GPR technique (e.g. interfering 
electromagnetic signals/frequencies, high attenuation due to (salt-) water or clayey 
sediments, iron objects in the surroundings, etc.) cannot be excluded. A low- or non-
anthropogenically affected study site can have several advantages because of the absence 
of power lines, water tubes, pipelines, earthworks, etc. 
 
Fig. 6.1. Chart of SWOT analysis of using GPR on (palaeo-) tsunami deposits. 
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Initially, the detection of a tsunami deposit bedded within other sedimentary layers in the 
subsurface can be challenging due to the penetration depth and the resolution, which highly 
depends on the used antenna and its frequency; if the deposit consists of a thin layer at a 
significant depth then it is almost impossible to detect it. In most cases the 400 MHz antenna 
can be applied on tsunami deposits as mentioned in the presented studies. The penetration 
depth ranges between 3 to 4 m while the vertical resolution is between 5 and 7 cm. It is not 
possible to detect objects smaller than the resolution, but larger gravel or boulders and 
structural information can be seen.  
Another essential factor for detecting tsunami deposits by GPR is the material the tsunami 
deposit consists of; if the tsunami deposit is composed of similar material as the surrounding 
sediments it is almost impossible to detect the layer boundaries or even the thickness of the 
deposits. Internal architecture might be visualised depending on the grain sizes.  
It is possible to define run-up or backwash directed deposition of the tsunamigenic material 
due to the internal architecture of the deposits imaged by GPR data. The determination of 
wave direction by means of drill core sediments is often not possible. 
Tsunami deposits at shallow depths can also be imaged in more detail with higher frequency 
antennas, e.g. a 900 MHz antenna has a penetration depth of 0.8 to 2.0 m and a vertical 
resolution between ~0.5 and 2 cm. Recent tests detecting tsunami deposit evidence in an 
archaeological setting using a 400 and 900 MHz antenna (unpublished results) succeed 
well. Generally the use of GPR on tsunami deposits is very promising and recommended 
due to the identification of thicknesses, internal architecture and spatial distribution; it is 
especially recommended in archaeological sites as it is a non-invasive technique. Pseudo-
3D modelling of GPR data is a quick method (depending on area an amount of 
measurements) and is a further advantage. This 3D visualisation of processed GPR data can 
result in new spatial features and characteristics and the chance to compare these 
characteristics with modern examples. 
GPR facies of palaeotsunamis illustrate flow characteristics (e.g. channels, ripples, foresets, 
cross-bedding, etc.) as reported in modern studies on recent tsunami events (e.g. Bahlburg 
and Spiske, 2012; Naruse et al., 2012; Richmond et al., 2012). These can be attributed to 
deposition processes and can help to evidence palaeotsunami deposits. However, carrying 
out GPR measurements on tsunami deposits might only evidence flowing structures in 
sediments from the subsurface, and the origin of these cannot be directly derived from this 
data. Radar facies might reveal natural morphologies such as channel structures by a buried 
river systems as shown by van Overmeeren (1998) which look quite similar to channels 
which originate from tsunami processes. Therefore, additional sedimentary investigations and 
a spatial analysis of the structures are required to exclude natural fluvial processes as being 
responsible for the existence of such structures.  
Further investigation options for future fieldwork are high-resolution GPR scanning of outcrop 
walls and profiles as shown in the study from Spain. The combination of this method with 
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other techniques (e.g. electrical resistivity tomography, etc.) should be intensified and 
extended, as to date it is not used to compare with GPR methods like electromagnetic 
induction (EMI) measurements. Moreover, newer instruments such as multi-frequency GPR 
antennae can facilitate investigations on tsunami deposits with changing grain sizes or 
thicknesses. Different investigation approaches (e.g. different antennae frequencies as well 
as on ground surface and outcrop wall investigations) are recommended.  
 
6.5 The problem with dating and recurrence 
Opening question: “Do the event ages of the presented studies have an impact on the state 
of knowledge, the recurrence interval and even the hazard assessment in each individual 
region?” 
Dating of palaeotsunami deposits is necessary to provide best possible event ages. These 
ages are needed to complete the tsunami history or to estimate/calculate recurrence 
intervals in a tsunami prone region. The dating technique (e.g. 14C, OSL, TL, U-series, 
archaeological ceramics, volcanic ashes) is highly dependent on the available material and 
the possible event age itself due to the dating range of each method. Moreover, tsunami 
deposits are mostly reworked deposits; therefore dating is always challenging and may be 
influenced by the reworked material. Carrying out and comparing different dating techniques 
at a study site seems to be the most beneficial approach as shown in the study area of 
Spain.  
In the following paragraphs, the dating results of the three studies within this thesis are 
compared to recent (palaeo-) tsunami catalogues in each area, and the affect that these 
dates have on the catalogue itself (see also Fig. 6.2) along with the recurrence intervals are 
analysed. 
As shown in Figure 6.2 the historical records of tsunami events differ extremely in each study 
region. Therefore, the classification of event ages from the presented studies is quite 
complex. While the amount of records in the Gulf of Cádiz and western Peloponnese is 
relatively high and there is a rising amount of records, the list of tsunami events in the tsunami 
catalogue affecting the coast of Oman is comparatively short. It is also noticeable that there 
is no match between dates from geoscientific evidence and dates from historically recorded 
tsunamis in Greece. 
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Fig. 6.2. Historical tsunami and palaeotsunami events at (A) the coasts of western Peloponnese, 
Greece, (B) the coasts of Sultanate of Oman, and (C) the Gulf of Cádiz, Spain. The thickness of the 
boxes correlates with the range of the different dating results. 
Table 6.2. Tsunamis evidenced by instrumental record, historical report or geoscientific findings from 
the first case study in Greece. Blue highlighted fields only belong to sedimentary evidenced tsunamis, 
while white colours indicate only historical or instrumental records. 
 
 
Resume 
 
107 
 
The average recurrence interval of tsunami events along the western Peloponnese (Greece) 
is calculated at ~450 years with historical and scientific evidence data (Table 6.2); without 
the recent short-period of low-intensity events, the recurrence interval would be ~665 years. 
Age data from the studies presented in this thesis are mostly similar to the findings of other 
authors and do not affect the recurrence period. It has to be considered that only events 
which are known to affect the western Peloponnese were included in the statistical data. 
Huge events which were triggered at considerable distances, e.g. at the Italian coast, and left 
their deposits there were not considered in this data. However, this additional data would 
most likely shorten the recurrence period of damaging tsunami events along the shores of 
western Peloponnese. 
Former recurrence intervals calculated from historical tsunami events along the shores of 
Oman (Table 6.3) are ~450 years. This is mainly calculated from historical reports and not by 
sedimentary evidence. Adding the dating results from Koster et al. (2014) to the catalogue 
the statistical recurrence interval would stretch up to ~960 years. This has to be considered 
carefully, because it is one of the first dating results on inferred (palaeo-) tsunami deposits in 
Oman. Moreover, this circumstance demonstrates that the number of palaeotsunami events 
is even higher than the present level of knowledge. Further investigations on palaeotsunami 
events are definitely needed in this region to confirm or revise the list of past events and 
calculate precise recurrence intervals. Moreover, the seismicity in Oman is not known to be 
high resulting in the hypothesis that the tsunami deposits found along the coast of Oman 
belong to a widespread event perhaps triggered by the Makran Subduction Zone (MSZ) or 
even by other faults in the Northern Indian Ocean.  
Table 6.3. Tsunamis evidenced by instrumental record, historical report or geoscientific findings from 
the second case study in Oman. Same colour legend as in Table 6.2. Greenish colours represent 
sedimentary and historical recorded tsunami events, while white colours indicate only historical or 
instrumental records. 
 
The number of historical and sedimentary evidenced tsunami deposits along the Gulf of 
Cádiz listed in diverse scientific publications is high. Calculations with the detailed list of 
tsunami events (Table 6.4) yielded a recurrence interval between 200-300 years. It is obvious 
that the recurrence interval of tsunami events in modern times is far too high (recurrence of 
~17 years between AD 1722 and AD 1980) due to many low intensity events listed in the 
data which does not represent high-destructive and damaging events. The seismicity in the 
Gulf of Cádiz is high (e.g. Gràcia et al., 2010; Álvarez-Gomez et al., 2011; Baptista et al., 
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2011; Lario et al., 2011) and there are local and distant sources which can be responsible 
for the occurrence of tsunami deposits. Based on this knowledge a 300 year recurrence 
interval seems most probable. Ruiz et al. (2013) considered a recurrence interval of 700-
1000 years, which includes only the events recorded in sedimentological studies, even 
though the preservation potential of tsunami deposits is low. Some years before Lario et al. 
(2011) stated that the recurrence interval of tsunamis in this area is around 1200-1500 years. 
This is contrary to the expertise of Luque et al. (2001) who stated that 23 historical recorded 
tsunamis occurred since 2300 BP to AD 1900, which includes a higher recurrence interval 
calculated at around 91 years. On the other hand the authors suggest that high destructive 
events leaving a geological signature, such as the AD 1755 Lisbon event, repeat only every 
2000 years. Gràcia et al. (2010) suggest a recurrence of about 1800 years for large 
magnitude earthquakes/tsunamis during the Holocene, which is quite comparable.  
The data show that there is a clear difference in recurrence interval depending on which 
events are included in the calculations. Generally, recurrence intervals calculated from events 
exceeding a specific threshold of an intensity scale (e.g. Papadopoulos and Imamura, 2001) 
and damage a coastal region are most useful. But to date there is no regulation as to how 
high the intensity or the geological impact of these events must be to be included in 
calculations of recurrence and hazard assessment.  
The recurrence intervals presented from data in this thesis are only calculated form tsunami 
events; accordingly, potential earthquakes with magnitudes able to trigger tsunamis were not 
considered in this data. If recurrence data of potential triggering earthquakes were also 
considered, the recurrence interval would most likely be shorter. Otherwise, a specific 
magnitude or intensity threshold, e.g. MW >6.5 (which is the current threshold of the Pacific 
Tsunami Warning Center (PTWC)) should be considered for tsunami wave assessment and 
warning (e.g. Ambraseys and Synolakis, 2010). 
The main challenge of calculating recurrence intervals is probably the variable sources and 
spatial distribution of the tsunami waves. In the Mediterranean this is an ambitious task; e.g. 
Papadopoulos et al. (2014) stated a recurrence interval of average ~93 years for strong 
tsunami events (intensity >6 after intensity scale of Papadopoulos and Imamura, 2001) for 
the whole Mediterranean due to some basin-wide events triggered by earthquakes, volcano 
eruption or by aseismic landslides. Tsunami risk mitigation is critical due to the short travel 
times of tsunami waves in the Mediterranean (including SW Iberia; e.g. Álvarez-Gómez et al., 
2011; Papadopoulos et al., 2014) and resulting evacuation time (e.g. Ambraseys and 
Synolakis, 2010). On the other hand there is currently no existing tsunami early warning 
system or even signposted evacuation routes at the coasts of the Mediterranean, although 
the risk of tsunami hazards remains. Generally, tsunami databases or reviews over specific 
wider areas (e.g. Soloviev, 1990; Goff and Chagué-Goff, 2014; Papadopoulos et al., 2014) 
are useful for recurrence calculations as well as hazard assessment. 
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Table 6.4. Tsunamis evidenced by instrumental record, historical report or geoscientific findings from 
the third case study in Spain. Colour legend is same as in Table 6.2 and 6.3. 
 
 
  
110 
 
 
  
  
111 
 
7 Outlook 
 
Generally, the research on (palaeo-) tsunami deposits is needed for a better understanding of 
these low frequency and high intensity events which will lead to an improved hazard 
assessment in coastal areas. This research should not only be limited to recently well-known 
tsunami prone areas (such as Japan or Indonesia), but also to highly vulnerable coastal 
regions all around the world. The risk of tsunami inundation triggered by a (seismic) source far 
away from the resulting landfall is especially high in the Mediterranean; the extremely short 
evacuation period is the main challenge. Tsunami warning signs and evacuation routes at the 
coasts of the Mediterranean do not exist at present, with the exception of Sicily (Italy), 
although the risk of future tsunamis remains. 
Based on the presented work in this thesis I would also like to recommend intensified 
research on already evidenced palaeotsunami deposits with further approved methods. As 
shown in this thesis, there are many methods which can be used on deposits to determine 
the extent the characteristics of a specific tsunami deposit. This information may be helpful 
for other studies. Furthermore the presented adjusted toolkit might help to prove deposits 
which are at present not classified to be tsunami related. However, before starting fieldwork 
preliminary reconnaissance, e.g. remote sensing methods and historical reports, are highly 
recommended. 
Future investigations might benefit from technical progress: e.g. multi-frequency GPR 
antennae are available by several manufacturers. It, therefore, should become easier to 
detect tsunami deposits with highly variable grain sizes or thicknesses. Meanwhile remotely 
piloted aerial vehicles are becoming more common in different fields of research. These aerial 
vehicles can be used for high detailed topographic imaging. This technique is relatively low-
budget and particularly helpful in areas where high resolution satellite images or digital terrain 
models are not available.  
Unfortunately, the link between science, society and government regarding tsunami hazard 
assessment is relatively low (especially in Europe) in spite of the widespread destructive 
tsunami events that have occurred in the last decade. In the future there should be further 
efforts to cooperate between science, society and especially government with the aim to 
advance knowledge of these hazardous events. Preparedness of people in tsunami prone 
areas should be increased; e.g. teaching people how to behave when a tsunami occurs.  
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